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Abstract 
 
D.J. Gurdak. Assessing Arapaima Conservation and Management Through Actionable Research, 
186 pages, 7 tables, 22 figures, 4 appendices, 2018. APA style guide used. 
 
This work investigated floodplain fish ecology and implications for management and 
conservation by studying the most historically important and overexploited fisheries in South 
America, the arapaima (genus Arapaima). Through actionable research in arapaima ecology and 
fishery management, this dissertation aimed to improve inland fish conservation and 
management in floodplain ecosystems. First, through a systematic literature review, thematic, 
geographic, and temporal trends in arapaima research were identified. Despite exponential 
growth in arapaima research, only one-third of studies were applicable to management and 
notable knowledge gaps remained that could hinder decision making for arapaima management 
and conservation. The second analysis explored variability in arapaima reproductive traits. 
Observations from the Lower Amazon were compared to findings across South America. 
Considerable variation in size at first sexual maturation and nesting features was found within 
and between regions. The third analysis characterized seasonal arapaima migration patterns by 
using acoustic telemetry to monitor migrations of 24 arapaima over a two year period. Results 
showed connectivity of arapaima from different lake populations and crossover between 
community-based management zones during high-water seasons. In addition, arapaima showed 
lake fidelity in low-water seasons. Finally, successes of small-scale co-management efforts to 
promote recovery for arapaima fisheries were highlighted. The history of arapaima fishing, early 
management efforts, and improvements to management approaches were discussed. Then, 
implementation of co-management at small scales was evaluated across three regions based on 
presence of eight principles for sustainable governance of common property resources. For each 
region, current and ongoing challenges were considered. Then, lessons were identified that can 
be useful for management of arapaima and other inland fisheries. In summary, successful 
floodplain fishery management and conservation practices should address knowledge gaps to 
establish practices based on a comprehensive knowledge base on fish ecology. 
 
Key Words: Amazon, evidence-based, fishes, flood cycle, Osteoglossidae, reproduction, South 
America, Neotropics, várzea 
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1 
CHAPTER ONE 
Introduction 
 
Overview 
Global freshwater biodiversity is widely threatened (see; Arthington el al., 2016; 
Dudgeon et al., 2006; He et al., 2017; Strayer & Dudgeon, 2010). Globally, floodplains and the 
inland fisheries they support, are over-exploited and understudied (Allan et al., 2005). In 
addition, freshwater fishes are generally marginalized in scientific research and policy arenas, 
especially compared to large, charismatic mammals and birds, and they are often under-
represented within leading biodiversity prioritization schemes (e.g. Myers et al., 2000). Despite 
their economic importance and ecosystem roles, riverine megafauna are particularly threatened 
(Stone, 2007). Across South America, mega-fishes, such as the "data-deficient" giant arapaima, 
face extensive illegal fishing, habitat degradation, and poor regulation enforcement (Castello & 
Stewart, 2010; IUCN, 2018).  
Arapaima possess unique bioecological features and significant economic, nutritional, 
and cultural importance that make them ideal targets for management and conservation attention. 
Effective management of arapaima and floodplain ecosystems can support local livelihoods and 
regional economies (Castello et al., 2009), promote the maintenance of healthy ecosystem 
services, and support floodplain biodiversity. A comprehensive arapaima management design for 
South America, however, is hindered by insufficient data on arapaima migration, distribution, 
taxonomy, life history, and ecology within and among different regions. Here, I begin by 
introducing the arapaima, its environment and fishery. I then justify this body of work and 
introduce the main objectives of each chapter. 
 
 
2 
The Arapaima 
Arapaima (genus Arapaima) are among the largest freshwater fishes in the world, 
growing to 3 m in length and up to 200 kg in weight (Arantes et al., 2010; Stone, 2007). 
Arapaima are commonly known as “arapaima,” “paiche,” or “pirarucu” depending on the region. 
They are in the family Osteoglossidae, an ancient group of fishes also known as the “bony-
tongues.” As this name suggests, arapaima can crush prey between their bony, toothed tongue 
and bony plates on the roof of their mouth. Arapaima are considered piscivorous, although their 
diets include some macroinvertebrates (Queiroz, 2000) and juvenile diets can include 
microinvertebrates and some plant debris (Oliveira et al., 2005). Watson et al. (2013) note that 
trophic and digestive tract morphologies of arapaima resemble those of an omnivore. Being large 
and powerful fishes that are covered with an armor of hard and overlapping scales, arapaima are 
well-equipped to survive attacks from piranhas, crocodilians and fishing gear such as harpoons. 
Although five described species exist in the genus Arapaima (Stewart, 2013a,b), the group faces 
incredible data shortfalls that make species identification and distributions uncertain (see 
Linnean and Wallacean shortfalls in Bini et al., 2006). 
Arapaima are obligatory air breathers that must surface every 15-20 minutes to breath air 
(Castello, 2004). They have a modified swim bladder lined with blood vessels that functions as a 
primitive lung. Arapaima hatch with functional gills and transition from aquatic to aerial 
respiration within the first few weeks of life (Brauner et al., 2004). Like many floodplain fishes, 
the life history of arapaima (Figure 1) is closely linked with their environment and the flood 
pulse (Junk et al., 1989). Typical of many floodplain fishes, arapaima spawn as rising water 
floods the surrounding landscape (Castello, 2008a; Welcomme, 1979). Adult arapaima (i.e. > 3-4 
years of age) dig a pan-shaped nest using their mouth and, after spawning, provide parental care 
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to eggs and juveniles for up to 6 months (Castello, 2008a; Castello, 2008b; Fontenele, 1948; 
Queiroz, 2000).  
 
 
Figure 1. The life cycle of the arapaima (genus Arapaima) is divided into four main stages: 1) 
nest-bound embryo and sac-fry, 2) adult-protected, schooling juveniles, 3) independent juveniles, 
and 4) reproductive adults. 
 
The Arapaima’s Environment 
These tropical giants naturally occur across two major river basins (i.e. Amazon and 
Essequibo), five countries (i.e. Brazil, Columbia, Peru, Ecuador, and Guyana), four major 
wetlands in northern South America, and 11 unique freshwater eco-regions in three freshwater 
habitat types (Figure 2). There are three main water types (i.e. white water, black water, and 
clear water) within their range reflecting the combined influence of distinctive geomorphology, 
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limnology, geochemistry, soil, and vegetative cover (Junk et al., 1989; Lewis et al., 2006). The 
range is intersected by the equator and the majority is below 300 m a.s.l. and fairly flat. The 
climate is tropical with aseasonal temperature, resulting in river temperatures that are generally 
within a few degrees of ~29°C (Lewis et al., 2006). Cooler temperatures can be encountered near 
river headwaters, such as piedmont lakes (e.g., Galacatos et al., 1996) along the western edge of 
the arapaima’s range that is flanked by the Andes Mountains. Cooler temperatures (e.g., 
~26.5°C) also can be found in ria lakes associated with upland forests in the central Amazon (de 
Carvalho et al., 2017) 
Seasonality across the arapaima’s range is caused by highly periodic rainfall (e.g., ~2000 
mm yr-1) that results in the cyclical flooding of low-lying areas along main river channels (Junk 
et al., 1989). This flooding, also called a flood pulse, creates a biologically productive and 
species-rich tropical ecosystem that is neither purely “terrestrial” nor “aquatic” (Junk et al., 
1989). The flood pulse begins as increasing water levels result in the lateral expansion of water 
from the main river channel across a low-lying floodplain (Junk et al., 1989). Floodplain plants 
and animals are highly adapted to the annual changes in water height caused by this pulse. For 
example, when water is low, fishes are concentrated in river channels and floodplain lakes. As 
waters rise (by more than 10 m in some areas), however, fishes move into the floodplain and take 
advantage of access to newly available plants, fruits, invertebrates and small fishes (Castello, 
2008b; Welcomme, 1979). The magnitude, timing and pattern of the flood pulse varies widely 
across the arapaima’s range and, depending on location, water levels begin to rise sometime 
between September and January (Figure 2; Junk et al., 2014). These floodplain habitats are the 
preferred habitat of arapaima and consist of natural levees, wetlands, lakes, and canals that often 
are annually isolated from the main river channel (Castello, 2008b; Welcomme, 1979).  
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Figure 2. Arapaima naturally occur across two main river basins (i.e. Amazon and Essequibo), 
five countries (i.e. Brazil, Guyana, Columbia, Ecuador and Peru), (a) four major wetlands in 
northern South America (adapted from: Junk et al., 2014), (b) 11 unique freshwater Eco-Regions 
in three freshwater habitat types (Abell et al., 2008), and (1-6) various flood pulse patterns 
(adapted from: Junk et al., 2014). Flood pulse curves represent the average (black curve) and 
upper/lower limits (grey curves) of water level fluctuations (m) throughout the year based on 40 
years of monitoring; adapted from Figure 2 in Junk et al. (2014). 
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The Arapaima Fishery  
Because their large fillets have good taste and texture without many bones, arapaima are 
extremely valuable as a food fish and an important part of local and regional economies and 
cultures. Arapaima meat is extremely common in local dishes and restaurants. Sometimes called 
the “cod-fish” of the Amazon, it can be cooked fresh or used later by freezing or salting and 
drying (McGrath et al., 2015). Arapaima have even captured local, national, and international 
attention as a cultural symbol and as a sport fish through popular television shows, 
documentaries, and publications (e.g., Purnell, 2017).  
South American arapaima fisheries, like many in the tropics, have some commercial 
focus but are predominantly characterized by small-scale, artisanal subsistence fishing. In 
general, tropical fishers are among the world’s poorest and most marginalized peoples (Pauly, 
1997). For fishers who live on or near the floodplain, fishing for arapaima and other species is an 
essential source of income and food (Figure 3). For South American riverine inhabitants, 
arapaima fishing is highly specialized and an important cultural and economic activity (Castello 
et al., 2009; Murrieta, 2001). The unique character of arapaima fishing is derived from the 
challenging techniques used to hunt arapaima. Although gill nets are increasingly used, 
traditional fishers use a harpoon or bow-and-arrow to capture arapaima at the moment it surfaces 
to breathe air. Traditional harpoon fishers stalk arapaima from a small canoe or while perched in 
a tree. Unfortunately, many arapaima fisheries are poorly regulated and virtually “open-access,” 
leading to overfishing and fish population declines that threaten the livelihoods of local peoples.   
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Figure 3. Stilt homes on the floodplain of the Lower Amazon during seasons of low water (left) 
and high water (right).  
 
 Although tropical inland fisheries provide important regional income and food security, 
these fisheries face severe management challenges that are amplified by distinct ecological, 
economic, and political factors (Allan et al., 2005; Pauly et al., 1989). Monitoring and 
enforcement is extremely difficult because these fishers use a variety of gears, and fishing is 
spatially and temporally dispersed. In addition, market controls for arapaima are limited and 
illegal arapaima can be purchased year round. Today, arapaima are recognized on two 
international endangered species lists as Arapaima gigas: CITES “Appendix II” and IUCN Red 
List as “data deficient” (IUCN, 2018; World Conservation Monitoring Centre, 1996). The most 
significant threat to arapaima is overfishing across most of its range (Castello et al., 2015; Isaac 
et al., 1993; Martinelli & Petrere, 1999). Arapaima population numbers across their range have 
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plummeted to about 13% of historic abundances (Castello et al., 2011) and illegal fishing is 
extremely common. Recent evaluations of harvest showed that two-thirds of the arapaima 
harvested from lower Amazon fishing communities was illegal, with fish captured below 
minimum size or during seasonal closures (Cavole et al., 2015; also see Chapter 3). Arapaima 
populations are being decimated by overfishing that is leading to localized extinctions (Castello 
et al., 2015). 
 
Dissertation Objectives 
Through actionable research that addresses data deficits on arapaima ecology, life history 
and fishery management, this dissertation aimed to improve inland fish conservation and 
management in floodplain ecosystems. Each chapter that follows, excluding the, “Concluding 
Remarks,” is intended to be a standalone analysis that will be published in peer-reviewed 
academic literature. A detailed footnote outlining co-authorship, current status, and target 
journal/s was including at the start of each chapter. Although each is a standalone analysis, 
together they contribute to a larger synthesis that addresses research gaps in arapaima 
conservation and management. First, the current knowledge base was evaluated to identify 
specific shortfalls that could impede arapaima management and conservation. Next, two aspects 
of arapaima life history, specifically reproduction and migration, were evaluated in the Lower 
Amazon. Lastly, arapaima management efforts in three different regions were evaluated in light 
of leading theories of political science. Hopefully, this dissertation will contribute to arapaima 
conservation and management while guiding future activities that can expand beyond arapaima 
to other floodplain fishes and their environments. Specifically, the objectives for each of the four 
analytical chapters were to: 
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- Chapter 2: Evaluate the existing evidence-base for arapaima management and conservation.  
Research efforts are not always aligned with research needs. The ideal is to inform an actionable 
research agenda by identifying thematic, geographic, and temporal trends in the knowledge base, 
thereby establishing a baseline to guide future research and management plans. Using a 
systematic literature review, this analysis discusses spatial and thematic gaps in the knowledge-
base needed to manage arapaima.  
- Chapter 3: Compare arapaima reproductive ecology amongst sites.  
Earlier studies have revealed some regional differences in arapaima reproductive traits, like size 
at first reproduction (Arantes et al., 2010; Godinho et al., 2005). As a result, there may be a need 
to manage arapaima based on local life-history information. This analysis uses field surveys and 
supporting literature to determine if existing regulations based on reproductive biology are 
adequate to manage arapaima.  
- Chapter 4: Characterize arapaima migration and determine if present management units 
provide effective and appropriately scaled protection.  
Although arapaima are not known for long distance migrations, they are known to migrate 
laterally, away from floodplain lakes as water level rises (Castello, 2008b). Their propensity to 
move throughout lagoon networks and the effect of movement on the configuration and 
appropriate scale of protected areas has not been studied. Nonetheless, those patterns of arapaima 
dispersal, migration, and site fidelity are important for arapaima management and designing 
arapaima conservation schemes. This analysis employs advanced techniques in telemetry to 
study the migrations of arapaima over two annual flood cycles in floodplain lakes of the Lower 
Amazon.  
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- Chapter 5: Evaluate arapaima management efforts among regions to highlight successes and 
infer lessons.  
Although many arapaima management initiatives now exist, an evaluation of best management 
practices across multiple sites is lacking. This final analysis discusses the history of arapaima 
fishing, the difficulties encountered by early management efforts, and later improvements to 
arapaima management approaches using co-management at a small scale with local residents. 
The implementation of this promising approach is evaluated across three regions and lessons are 
offered that can contribute to managing arapaima and other inland fisheries.  
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CHAPTER TWO 
Developing an Actionable, Need-Based Research Agenda for Conservation and 
Management of Arapaima Fisheries in South America * 
 
Abstract 
Research activities frequently do not reflect the information needed for evidence-based 
conservation and management action. Systematic reviews are valuable to summarize information 
and guide research activity. This systematic review assesses the available information for the 
giant arapaima (genus Arapaima) and its fisheries in South American freshwaters. The goal is to 
develop an actionable research agenda by identifying thematic, geographic, and temporal trends 
in the knowledge base. To evaluate gaps, arapaima research studies were identified, focusing on 
those applicable to arapaima conservation and management, called actionable research. These 
were categorized and mapped to evaluate the distribution of research topics across the 
arapaima’s range and management locations. Arapaima are distributed across various 
administrative zones (e.g. countries, states, municipalities), habitats, ecological regions, and a 
variety of flood pulse patterns. The annual growth of arapaima research has been exponential, 
with most conducted within the last two decades. Only one-third of studies (i.e., 55 of 199), 
however, could be categorized as actionable and applied to ongoing management efforts. The 
geographic distribution of research also was imbalanced, and there was limited overlap between 
research activities and managed regions. These spatial and thematic gaps hinder comprehensive 
arapaima management and conservation initiatives. Addressing arapaima research deficits can be 
                                                
* Gurdak, D. J. (in prep). Developing an Actionable, Need-Based Research Agenda for 
Conservation and Management of Arapaima Fisheries in South America. Target journal/s: 
Annals of the American Association of Geographers; The Professional Geographer. 
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accomplished by focusing growing arapaima research on needed topics across relevant regions to 
provide evidence needed to make effective conservation and management decisions. Systematic 
reviews can highlight priority research needs to produce a need-based and actionable research 
agenda. 
Key Words: Amazon, evidence-based, freshwater, gap analysis, information deficit, 
Osteoglossidae, pirarucu, research bias, systematic review 
 
Introduction 
Conservation and management actions depend on reliable information to develop goal-
oriented interventions that achieve the best possible outcomes. Information can be drawn from 
various sources, such as individual experience, qualitative observations, and local or indigenous 
knowledge, although scientific evidence is generally preferred (c.f. dos Santos et al., 2015). In 
many cases, conservation and management actions are implemented in spite of information 
deficits because, in most cases, suboptimal action is preferred to no action (Johannes, 1998). 
Conservation and management conducted with information deficits falls somewhere along a 
spectrum between guesswork and calculated decision-making and, ideally, should serve as a 
temporary solution until data-driven, or evidence-based, actions are possible (e.g. Watson et al., 
2016). If research interests are not aligned with research needs, the resulting information may not 
be relevant to conservation and management needs (Lawler et al., 2006; Trimble & van Aarde, 
2012). Information deficits are caused by insufficient research and research biases. For example, 
research is not evenly distributed across taxonomic groups nor geographic regions (e.g. Clark & 
May, 2002; Cronin et al., 2014). Research attention generally is biased toward large-bodied 
and/or more charismatic groups (such as mammals and birds) and away from the most biodiverse 
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regions, such as South America (Clark & May, 2002; Cronin et al., 2014). Research biases can 
be driven by needs due to ecological impact, threatened status, or economic importance but also 
can be unrelated to need and influenced by political motivations, difficulties of executing 
research, or personal affinities of researchers and funding agencies (c.f. Trimble & van Aarde, 
2012). To overcome information deficits and biases, an evidence-based approach provides a 
framework for systematically compiling and reviewing existing information to identify research 
needs (see Pullin and Knight, 2009; Sutherland et al., 2004).  
Information deficits in the tropics have been historically common due to limited research 
production (Cronin et al., 2014) despite unparalleled biodiversity and the elevated threat status of 
taxa and environments. Information deficits still persist for estimating biodiversity (Mora et al., 
2011), and the information available for comprehensive management and conservation planning 
is even more limited. Such information deficits exist for the South American arapaima (genus 
Arapaima), fishes that can grow to 3 m in length and 200 kg in weight and are highly valued for 
their meat (Arantes et al., 2010). Arapaima are threatened fishes that should be an ideal target for 
conservation and management. However, the IUCN Red List of Threated Species status for 
arapaima is “data deficient” (IUCN, 2018), and only one species, A. gigas, is recognized. That is 
in spite of recent recognition of additional species (see Stewart, 2013a,b) and significant genetic 
diversity (Watson et al., 2016). This is particularly troubling considering that arapaima are 
among the Amazon’s most over-exploited freshwater fishes, and their current abundance is 
merely ~13% of historic levels (Castello et al., 2011). There is even evidence of local extinctions 
in some regions (Castello et al., 2015). Although small-scale arapaima management initiatives 
developed over the last few decades have promoted recoveries of overexploited arapaima stocks 
in some areas (e.g. Campos-Silva & Peres, 2016; Castello et al., 2009; Oviedo & Bursztyn, 2016; 
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Petersen et al., 2016), there remain biological and ecological uncertainties about these fishes that 
may impact on-going management efforts (Castello et al., 2011). 
Generally, existing arapaima conservation efforts involve basic fisheries management 
regulations, including minimum size of capture, seasonal closure during breeding seasons and 
annual catch quotas. These regulations are based on what is currently known about the biology of 
these fishes. For example, minimum size of capture for arapaima is 150 cm to protect juveniles 
before reaching reproductive age (e.g. Arantes et al., 2010), and seasonal closures for arapaima 
(e.g. December - May in Brazil) loosely coincide with the annual flood and reproductive seasons. 
In addition, leading management efforts have adopted the use of establishing arapaima catch 
quotas that are based on fishers’ ability to count arapaima when they surface to breathe (Castello, 
2004). Despite these regulations, it is the information deficits and geographical gaps that can 
have negative consequences for conservation and management planning for arapaima. First, 
knowledge of their genetic and taxonomic variation is necessary to conserve the remaining 
diversity in already decimated arapaima populations (Castello et al., 2015; Watson et al., 2016). 
The geographic range of arapaima spans a large area across South America that could contribute 
to regional variation in life histories. The variation in life history traits for other fish species has 
proven critical in understanding population dynamics and establishing successful management 
models based on abiotic factors (e.g. McDermid et al., 2010) or genetic diversity (e.g. Zhao et 
al., 2008). Specifically, geographic variation in reproductive strategies of a South American 
relative of the arapaima, the silver arowana (Osteoglossum bicirrhosum), has important 
consequences for conservation and management (Duponchelle et al., 2015). For arapaima, 
geographic variation in ecology exists in the sizes at first maturity. For example, female 
arapaima reach sexual maturity between 145 - 154 cm in the Tocantins River Basin (Godinho et 
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al., 2005) and at 157 cm in the lower Solimões River basin of the Central Amazon (Arantes et 
al., 2010). A further complication is that size-selective overfishing in the Central Amazon (i.e. in 
the 1990’s and earlier) caused the size of first sexual maturation to increase from 157 to 164 cm 
(Arantes et al., 2010). Specifically, halting juvenile harvest led to faster average growth of the 
surviving fishes and size of first reproduction decreased (Arantes et al., 2010). It is uncertain 
how reproductive ecology and other aspects of arapaima ecology vary across the arapaima’s 
range. Ultimately, this unrecognized variability in arapaima life histories could inhibit the well-
intended actions that are based on limited available information because regulations for one 
region may not be appropriate for another.  
For this review, I evaluated the research and its geographic extent relative to conservation 
and management initiatives of arapaima. Due to shortfalls in taxonomic and geographic 
information for the genus (see Stewart, 2013a,b), this review will consider available literature for 
the entire genus Arapaima. The evaluation involved a systematic review of arapaima literature. 
After performing a literature search, a classification scheme was developed to identify and 
categorize actionable, or action-based, research. “Actionable research” is defined here as 
research with applicability to conservation and management activities. The primary objective for 
this review is to determine if sufficient data is available for the conservation and management of 
the genus Arapaima. First, this meant identifying and categorizing the research needs for 
arapaima fisheries management and conservation. Then, three trends in research production were 
evaluated to assess how the available evidence was aligned with conservation and management 
needs. First, temporal trends were used to access research production over time for all arapaima 
research and action-based research. Second, categorized research was used to determine if and 
how the major research themes for arapaima conservation and management were represented. 
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Third, geographic trends were used to determine where research production occurred, if 
important research themes were represented for each region, and how well management and 
research locations overlapped. The need and benefit of developing an actionable research agenda 
is highlighted in light of observed trends in arapaima research production.  
 
Methods 
Arapaima research studies were located, categorized, and mapped in a geographic 
information system. A typology for actionable research needs for arapaima was developed and 
used to evaluate the evidence-base across themes and geographic regions. The geographic range 
of arapaima was established using the best available information on the natural arapaima 
distribution in South America (Castello & Stewart, 2010; Miranda-Chumacero et al., 2012) and 
adapted using the boundaries of freshwater ecoregions (Abell et al., 2008). The natural range of 
arapaima was stratified into major geographic regions. Areas in South America where arapaima 
have been established outside its natural range were also mapped. 
 
Literature Search  
In January of 2017, a protocol for systematic reviews (adapted from Moher et al., 2009) 
was applied to search two databases for arapaima literature: (1) Web of Science (Thomson 
Reuter) and (2) OneSearch (@ ESF Libraries- SUNY College of Environmental Science and 
Forestry). Both searches were conducted using comparable parameters and combining keywords 
using the Boolean argument “or” as: “ ‘arapaima’ OR ‘pirarucu’ OR ‘paiche’.” No limits were 
imposed with respect to topic, journal, or language. All publications up to and including the year 
2016 were included (note: Web of Science database begins in 1985). Both database searches 
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were limited to academic articles by filtering for “article” in Web of Science and “academic 
journal” in One Search. All duplicates were removed and a preliminary review was conducted to 
remove any literature not related to the South American genus Arapaima. The final selection 
included only scholarly articles with methods and results, excluding theses, conference abstracts, 
popular articles, and opinion pieces. 
 
Data Extraction  
Only the final selection of scholarly articles on arapaima was categorized. The target 
taxon for each study was noted and articles conducted based on fishes in captivity (i.e. laboratory 
or aquaculture settings) were identified. To demonstrate research productivity over time, the 
number of studies per year was plotted against year. Also identified were actionable, or action-
based, scholarly articles, defined here as studies with applicability to arapaima conservation and 
management activities. Actionable research was categorized into five themes based on the needs 
for arapaima conservation and management activities (Figure 1): 1) target ID, 2) abundance, 3) 
biology, 4) catch, and 5) implementation. 
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Figure 1. Five actionable themes were used to categorize arapaima research based on the (I) 
basic needs for conservation actions, and (II) information needs for fisheries management: 1) 
target ID, 2) abundance, 3) biology, 4) catch, and 5) implementation. The biology, or life history, 
theme was further subcategorized based on the data requirements for effective fisheries stock 
assessment and modeling: a) habitat use & migration, b) diet & trophic interactions, c) age/size 
of first reproduction, d) growth & mortality, and e) recruitment & population dynamics. 
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First, it is important to identify and characterize the target of conservation and 
management actions. Next, target-specific information needs should guide and be guided by the 
implementation and evaluation of conservation and management actions (Figure 1 (I)). For 
arapaima, the information needs were comprised of three themes adapted from the requirements 
for effective fisheries assessment (Mace et al., 2001; NMFS, 2012): abundance, biology, and 
catch (Figure 1 (II)). The biology, or life history, theme was further subcategorized based on the 
data requirements for effective fisheries stock assessment and modeling (Mace et al., 2001; 
Methot & Wetzel, 2013): a) habitat use and migration, b) diet & trophic interactions, c) age/size 
of first reproduction, d) growth & mortality, and e) recruitment & population dynamics. 
 
Data Analysis 
Data were mapped in a geographic information system (ArcGIS 10.3.1). The range of 
arapaima was compared to freshwater eco-regions (Abell et al., 2008) and river flood pulse 
patterns (Junk et al., 2014). Geographic coordinates were determined for each actionable study 
and stratified into one or more geographic regions. Arapaima management sites were mapped 
and their distribution compared to research production. Management sites were obtained from 
(Figueiredo, 2013) and from personal communications with staff from the Mamirauá Sustainable 
Development Institute, a pioneer in arapaima management and research activities (Figueiredo, 
pers. comm., July 2015). 
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Results 
Literature Search  
The “Web of Science” search generated 178 unique records while the “OneSearch” 
database generated 336 records, totaling 261 unique records after removing duplicates. 
Combining both queries totaled 264 unique records, of which 159 were found in both databases. 
Of those, 209 records were related to the fish arapaima (genus Arapaima) and 199 were 
considered scholarly articles (Appendix 2.1). The annual increase in arapaima research was 
exponential, with 80 % of all studies having been conducted during the last two decades (Figure 
2a). 
 
Data Extraction  
Of the 199 scholarly articles on arapaima, only 55 were categorized as actionable 
(Appendix 2.2). The focus of research was predominantly on A. gigas, comprising 90% of all 
199. The focus on A. gigas decreased to 75% for actionable studies due to a more general, 
nonspecific acknowledgement of species diversity (e.g. Arapaima spp.). In addition, 48 studies 
were conducted with arapaima in a captive setting and only one of those could also be classified 
as actionable. Each of the five actionable themes had between 12 and 17 studies, with the 
majority in the biology theme (Figure 2b). Geographic distribution of studies in the biology 
theme was highly variable (Figure 2c).  
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Figure 2. (a) The growth of arapaima research was exponential for all studies, including 
actionable studies. (b) Actionable research production was distributed across five major themes: 
target ID, abundance, biology, catch, and implementation. (c) Most research was related to 
arapaima biology and was not uniformly distributed among subcategories: diet, reproduction, 
growth, mortality, and population dynamics. 
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Data Analyses 
Arapaima naturally occur across two major river basins (i.e. Amazon and Essequibo), 
five countries (i.e. Brazil, Columbia, Peru, Ecuador, and Guyana), four major wetlands in 
northern South America, and 11 unique freshwater eco-regions in three freshwater habitat types 
(see Figure 3 in Chapter 1). Flood pulse patterns vary widely across its range and, depending on 
the geographic location, water levels rise sometime between September and January (Junk et al., 
2014; also see Figure 3 in Chapter 1). The natural range was stratified into seven geographic 
regions: (a) Coast and Estuary, (b) Tocantins & Araguaia, (c) Lower Amazon, (d) Central 
Amazon, (e) Guyana, (f) Upper Solimões & Jurua, and (g) Madeira and Upper Purus (Figure 3). 
Arapaima also have been naturalized in two regions: (h) Upper Madeira (in Bolivia and Peru) 
and (i) Upper Paraná River Basin (in south-eastern Brazil; Figure 3). 
Of the 55 actionable studies, three were general or evaluations and one did not have a 
location. Therefore, 51 studies had locations, three of which were conducted across multiple 
regions. The majority of actionable studies were conducted in the Central and Lower Amazon 
regions (c and d in Figure 3). A total of 21 arapaima management locations were identified, 
spanning across four countries and various administrative zones and geographic regions (Figure 
3). These management locations were unevenly distributed across the arapaima’s range, with 
eleven management locations clustered within a 300 km diameter in the Central and Upper 
Amazon. There is a non-significant but suggestive relation between number of management 
studies and number of research sites per region (p= 0.1; R2= 0.32). For example, 14 of the 55 
actionable studies were conducted (at least in part) at a single management area in the Central 
Amazon (i.e. Mamirauá Sustainable Development Reserve). Within the natural range of 
 
 
23 
arapaima, Colombia is notable for the complete absence of known management sites and 
published studies found during this review. 
 
Figure 3. The natural range of arapaima was stratified into seven geographic regions: (a) Coast & 
Estuary, (b) Tocantins & Araguaia, (c) Lower Amazon, (d) Central Amazon, (e) Guyana, (f) 
Madeira & Upper Purus, and (g) Upper Solimões & Jurua. Arapaima has also been naturalized in 
two regions: (h) Upper Madeira and (i) Upper Paraná River basins. Arapaima management sites 
and actionable research production were unevenly distributed across these geographic regions. 
 
Stratified by theme, research was not uniformly distributed and only three regions had at 
least one study in each of the five themes (Figure 4). Stratified by biology subcategories, 
research was not uniformly distributed and no topics were represented across all regions (Figure 
5). Although no region had studies in all five biology categories, the Central Amazon was the 
closest with four of five categories. 
 
 
24 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
gu
re
 4
. T
he
 d
is
tri
bu
tio
n 
of
 a
ra
pa
im
a 
re
se
ar
ch
 p
ro
du
ct
io
n 
ac
ro
ss
 n
in
e 
ge
og
ra
ph
ic
 re
gi
on
s:
 (a
) C
oa
st
 &
 E
st
ua
ry
, (
b)
 T
oc
an
tin
s &
 
A
ra
gu
ai
a,
 (c
) L
ow
er
 A
m
az
on
, (
d)
 C
en
tra
l A
m
az
on
, (
e)
 G
uy
an
a,
 (f
) U
pp
er
 S
ol
im
õe
s &
 Ju
ru
a,
 (g
) M
ad
ei
ra
 &
 U
pp
er
 P
ur
us
, (
h)
 
U
pp
er
 M
ad
ei
ra
, (
i) 
U
pp
er
 P
ar
an
á 
R
iv
er
 b
as
in
s, 
an
d 
fiv
e 
ac
tio
na
bl
e 
re
se
ar
ch
 th
em
es
: 1
) t
ar
ge
t I
D
, 2
) a
bu
nd
an
ce
, 3
) b
io
lo
gy
, 4
) 
ca
tc
h,
 a
nd
 5
) i
m
pl
em
en
ta
tio
n.
 
 
 
 
25 
 
Figure 5. The distribution of arapaima research production across six geographic regions: (a) 
Coast & Estuary, (b) Tocantins & Araguaia, (c) Lower Amazon, (d) Central Amazon, (e) 
Guyana, (f) Upper Solimões & Jurua, and five biology, or life history, subcategories: a) habitat 
use & migration, b) diet & trophic interactions, c) age/size of first reproduction, d) growth & 
mortality, and e) recruitment & population dynamics. No research in the biology category was 
found for three regions: (g) Madeira & Upper Purus, (h) Upper Madeira, (i) Upper Paraná. 
 
Discussion  
An evidence-based approach provides a framework for decision-making that is based on 
adequate information needs. This study provides an example for identifying conservation and 
management needs for arapaima and then using a systematic review to highlight information 
deficits and establish a need-based research agenda. As highly valued and threatened fishes, as 
well as the focus of on-going management efforts, the arapaima also should be the focus of 
significant research effort, providing an example of evidence-based decision-making for tropical 
freshwater fisheries. Even though it is likely that there is more information available for the 
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arapaima than for most other freshwater fisheries in South America, a systematic literature 
review revealed shortfalls in the available evidence-base.  
Although geography is infrequently included in systematic reviews (with some 
exceptions: Malhado et al., 2014; dos Santos et al., 2015; Trimble & van Aarde, 2012), both 
geography and content are important to completely address information deficits. With respect to 
arapaima, geography is particularly important considering the genus is distributed across various 
administrative zones (e.g. countries, states, municipalities), habitats, ecological regions, and a 
variety of flood pulse patterns. These variations could impact ideal regulations. For example, 
although the seasonal floods are highly variable in time across regions, Brazil’s national seasonal 
closure for arapaima is from December through May (see Figure 3 in Chapter 1). Since arapaima 
reproduction is closely linked with the timing of the flood season, ideal closure periods may vary 
regionally. 
 This study demonstrates that despite exponential growth in arapaima research effort, 
research and management are disconnected from each other. Nearly half of all arapaima research 
was published in the last decade alone, and although this trend is also reflected in the growth of 
actionable research, only about one quarter of all arapaima research output was considered 
actionable and could contribute to the conservation and management of these fisheries. This 
growth in arapaima research presents an opportunity to focus growing research activity on 
actionable themes and research gaps.  
It is important to note that it is likely this search did not access the entire literature for 
arapaima. This is because this work considered only published, academic papers and does not 
consider technical reports and other grey literature published by management sites and NGOs 
(e.g. Mamirauá Sustainable Development Institute). Another limitation is that each study was 
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categorized, tabulated, and considered equal. Although difficult to quantify, there was variability 
in the scope, robustness, and quality of various research efforts.  
Research production was distributed across all major actionable themes and life history 
subcategories. In a few regions, mostly in the Central and Lower Amazon, more than a quarter of 
research was conducted, at least in part, at a single protected area: Mamirauá Sustainable 
Development Reserve. Pioneer arapaima management and research at Mamirauá serves as an 
example to be replicated across the Amazon. When stratified by geographic region, research 
does not cover the full scope of topics needed to optimize arapaima actions. In fact, some regions 
and management locations lack several research topics critical for establishing regulations. As a 
result of research limitations, current arapaima actions and regulations are based on research 
from a limited number of locations. Research trends, deficits, and prospects are further discussed 
for each of the five actionable research themes: 
 
Target ID 
Research characterizing taxonomic and genetic diversity for arapaima has the widest 
geographic distribution, being conducted in all but two geographic regions. However, there was a 
significant bias toward one species, A. gigas. This is likely a result of the long-standing belief 
that the genus was monotypic and only recently has this been challenged (see Stewart, 2013a,b). 
Despite the number and geographic extent of genetic and taxonomic papers, there remain 
significant taxonomic (“Linnean”) and distributional (“Wallacean”) data deficiencies in the 
genus Arapaima (see Whittaker et al., 2005). There are currently five nominal species in the 
genus Arapaima (see Stewart, 2013a,b): A. gigas (Schinz 1822), A. agassizii (Valenciennes 
1847), A. arapaima (Valenciennes 1847), A. mapae (Valenciennes 1847), and A. leptosoma 
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Stewart 2013. Four of the five species still are known from single specimens, and one, A. 
agassizii, is missing specific geographic information (Stewart, 2013a,b). Only A. arapaima from 
Guyana has complementary information on genetics, morphology and ecology recently taken 
near the type locality (Stewart, 2013a,b; Watson et al., 2016). These shortfalls regarding inter- 
and intra- specific diversity in the genus Arapaima are among the most significant impediments 
to conserving and managing these important South American fisheries because the target of 
actions cannot be adequately identified. 
 
Abundance 
Arapaima abundance estimates are available across five geographic regions with the 
majority of studies being conducted in the Central Amazon. Estimating arapaima abundance is 
facilitated by a method to count individual fish at the moment of aerial breathing (Castello, 
2004). Effective management in multiple protected areas has resulted in recovered populations 
(e.g. Castello et al., 2009; Petersen et al., 2016). Estimates of arapaima densities outside of 
protected areas, however, are limited.  
One such evaluation shows that overfishing has led to local extinctions of arapaima in 
several fishing communities of the Lower Amazon (Castello et al., 2015). It is likely that this is 
true across the range of arapaima but no definitive conclusions can be made. There is a need to 
conduct routine surveys for arapaima population densities across various locations in and outside 
of protected areas to monitor long-term trends. 
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Biology 
Most biological, or life history, topics are limited to only a few research studies. In fact, 
studies of recruitment and population dynamics have only been conducted for one protected area 
in the Central Amazon (Castello et al., 2011). Thus critical information to understanding 
population-level trends is lacking. In addition, following from the discussion in target ID, 
coordinated studies are needed to better understand variations in life history and possible genetic 
correlates. In order to be successful, existing management efforts should be founded on 
biological research at appropriate site-, species-, habitat-, and population- levels.  
These knowledge gaps for arapaima life history can be filled in two ways. First, there is a 
need for more field-based arapaima research across the range and life history topics. Despite its 
importance, the frequency of field-based research is declining globally (Uniyal, 2014). Second, 
there remains potential for captive research to assist in arapaima conservation and management. 
Only one captive study was classified as actionable (i.e. Farias et al., 2015), shedding light on the 
reproductive ecology and behavior of arapaima. Captive research has great potential in revealing 
basic facets of arapaima life history that might be difficult to adequately study in the field.  
 
Catch 
Catch statistics are available for five of the nine regions. The majority of catch studies are 
published for the Central and Lower Amazon regions that have a longer track record and history 
for collecting these types of data. In protected areas of the Central Amazon, arapaima harvest is 
closely monitored and catch quotas are based on estimates of arapaima populations (Castello et 
al., 2009; Castello et al., 2011; Maccord et al., 2007). The harvest of arapaima in Bolivia where it 
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has been introduced is now more than 50% of the total commercial catch (Macnaughton et al., 
2015; Van Damme et al., 2015). 
In many cases, assessments of arapaima harvest can be amongst the least accurate of 
fisheries estimates because of widespread illegal and black-market fishing (Bayley, 1981). In 
Lower Amazonian fishing communities, illegal fishing comprised nearly two thirds of the 
arapaima harvest, with capture occurring below minimum size limits or during seasonal closure 
(Cavole et al., 2015; Chapter 3; see also Martinelli et al., 1999). Compliance with seasonal 
regulations was better in fishing communities with larger arapaima populations due to 
management initiatives, but degree of size compliance was independent of population status 
(Castello et al., 2015). In contrast, catch surveys from the Araguaia River basin showed 
compliance with minimum size limits but non-compliance with gear restrictions (Kirsten et al., 
2012). It is likely that most arapaima fisheries are experiencing widespread illegal fishing across 
its entire range, resulting in decreasing catch over time. There is a need to monitor catch trends 
across various regions.  
 
Implementation 
Management plans have been developed for five of nine regions. However, management 
efforts are being implemented in some way in seven of nine regions. Monitoring and evaluating 
arapaima management and conservation actions should inform on-going activities. Despite the 
difficulty of managing arapaima through regulations such as minimum-size and seasonal 
closures (Bayley, 1981), the small-scale fisheries management model for arapaima can lead to 
success and sustainability (e.g. Oviedo & Bursztyn et al., 2016). Specifically, community-based 
management combined with arapaima population assessments is a successful and cost effective 
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management method that allows fisher participation in decision-making (Castello, 2004). This 
method has proven effective in several regions including, but not limited to, the Central Amazon 
(e.g. Castello et al., 2009; Petersen et al., 2016), the Upper Solimões & Jurua (Campos-Silva & 
Peres, 2016), and the Madeira & Upper Purus (Oviedo & Bursztyn et al., 2016). 
 
Conclusions 
Effective decision-making is based on reliable information sourced from a solid 
evidence-base (Pullin & Knight, 2009; Sutherland et al., 2004). The existing management model 
for arapaima, although imperative due to the lack of alternative options, should serve as a 
temporary solution until data deficits can be addressed (Castello et al., 2011; Watson et al., 
2016). This study provides a framework for developing a need-based, actionable research agenda 
using a systematic literature review and identifying actionable research (Figure 1). 
Despite the success of arapaima management initiatives, there remains a need to improve 
and refine arapaima management efforts. Unsustainable fishing practices, such as non-
compliance with size and season restrictions, are caused by inadequate enforcement of 
management regulations and a geographical dispersion of fishing activities (Castello et al., 2011; 
Cavole et al., 2015). There is a need to determine how to deter illegal fishing, enforce existing 
regulations, and implement catch quotas across the range. In addition, a principal threat to the 
sustainability of fishery resources is the excessive focus on a limited number of key targets, such 
as arapaima (Castello et al., 2011). Evaluating and comparing management scenarios and 
resulting outcomes can also guide action (Maccord et al., 2007). Lessons should be drawn from 
the difficulties and conflicts that arise from management and ways to mitigate and resolve such 
conflicts (Silva, 2015). In addition, no management situation is identical so there remains a need 
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to give attention to differential patterns of resource use, specifically heterogeneity when 
managing small-scale fisheries (Castello et al., 2013a; Coomes et al., 2004). Ultimately, there is 
a need to determine what factors lead to successes and failures. Based on the trends presented in 
this study, arapaima management can be improved by focusing growing arapaima research 
output on actionable topics across relevant regions to provide the evidence-base needed for 
effective conservation and management. Research should be conducted across arapaima’s range 
and ecological studies should be replicated so that current management can be validated or 
adjusted accordingly. Characterizing data availability through a systematic review and 
understanding the overlap of arapaima research with management activities should be used to 
guide future research and conservation actions (see Cook et al., 2013).  
For scientists, there remains a need to communicate research production effectively to 
broad audiences (Suleski & Ibaraki, 2010) while finding ways to address research deficits in 
systematic ways. In many cases, research planning is conducted in private and, as stated earlier, 
can be biased by funding and personal research affinities (Trimble & van Aarde, 2012). 
Developing an unbiased research agenda can be used to direct research toward topics needed for 
successful conservation and management action. In addition, it is important to link researchers 
with managers and practitioners to discuss research needs and identify areas for collaboration. 
Scientists interested in conservation must participate in this type of collaboration to determine 
what the pertinent data deficits are and possible barriers to effective conservation and 
management action. The framework applied in this case for the genus Arapaima can be used to 
categorize research production for other taxa, groups, or topics and develop a need based, 
actionable research agenda. 
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CHAPTER THREE 
Diversity in Reproductive Traits of Arapaima (Arapaima spp., Müller) in Amazonian 
Várzea Floodplains: Conservation Implications * 
 
Abstract  
Understanding reproductive ecology of freshwater fishes is essential to minimize global 
freshwater biodiversity losses, but is often limited in data poor regions like tropical floodplain 
ecosystems. Specifically, the study investigated whether size at first sexual maturation and 
nesting features for arapaima vary within and across regions in the floodplain of the Amazon 
River. Data were collected at several sites in the Lower Amazon with varying arapaima densities 
and fishing practices. Female gonads were examined from commercial catch to calculate total 
length of first sexual maturation (L50). Nest features were surveyed in the field. The size at first 
maturation and nest features (i.e. nest morphology, habitat, and density) were compared among 
sites with different population densities in the Lower Amazon and estimates drawn from 
literature for other regions. In the Lower Amazon, L50 showed significant variation between 
high-density (139 cm) and other sites (~168 cm). Overall variation in L50 estimates for arapaima 
span across a nearly 70 cm interval from 139 cm in the Lower Amazon to 207 cm in the Upper 
Amazon in Peru. Nests in different regions show variation amongst certain nest features and a 
positive relation between nest density and arapaima population density. In the Lower Amazon, 
90 % of nests were found under woody vegetation. The results show considerable diversity in 
size at first maturity and nesting features for arapaima. This suggests there could be multiple 
                                                
* Gurdak, D. J., Stewart, D. J., Castello, L., & Arantes, C. C. (accepted). Diversity in 
Reproductive Traits of Arapaima (Arapaima spp., Müller) in Amazonian Várzea Floodplains: 
Conservation Implications. Aquatic Conservation: Marine and Freshwater Ecosystems. 
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evolutionarily significant units or species, even within our study area. This study also illustrates 
the importance of forest cover to arapaima spawning. Furthermore, different nesting 
morphologies were found in different sites. There are meaningful variations in arapaima 
reproductive behaviors, both locally and basin-wide, that beg further study as they have 
implications for effective management and conservation initiatives.  
Key Words: river, lake, reproduction, fish, fishing, flooding, tropics, Osteoglossidae, South 
America, várzea 
 
Introduction 
Global freshwater biodiversity is widely threatened (see; Arthington el al., 2016; 
Dudgeon et al., 2006; He et al., 2017; Strayer & Dudgeon, 2010), requiring improved 
understanding of the reproductive ecology of freshwater fishes to minimize biodiversity losses. 
Disruptions to natural hydrology, such as those resulting from dam construction, can change 
conditions of flow, temperature, or turbidity that many fishes depend on to reproduce (e.g. Portz 
& Tyus, 2004). Many freshwater fishes are vulnerable to fishing while reproducing (e.g. van 
Overzee & Rijnsdorp, 2015), and the degradation of spawning or nursery habitats can cause 
population declines (e.g. Berkman and Rabeni, 1987; Jones et al., 1999). Knowing the 
reproductive traits of fishes is, therefore, essential to conservation and management planning. 
Such knowledge can be used to establish regulations, conserve critical habitats, and monitor the 
status of populations. For example, seasonal closures generally coincide with reproductive 
seasons, giving fish populations an opportunity to replenish. Similarly, the minimum size of 
capture protects juvenile fishes until they can contribute offspring to the population. In addition, 
monitoring changes in reproduction, such as changes in age or size at maturation can indicate 
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levels of exploitation or stress in a fish population (Law, 2000). Despite its potential to minimize 
freshwater biodiversity losses, current understanding of the reproductive ecology of fishes is 
often limited in tropical floodplain ecosystems (Castello et al., 2013b; Reis, 2013). 
As in other ecosystems, fish reproduction in tropical floodplains is influenced by a 
complexity of biotic and abiotic drivers, including environmental factors, taxonomic diversity 
(both within and between species), and anthropogenic impacts. Environmental factors are the 
principal drivers of reproduction, and most fishes have evolved to reproduce under specific 
conditions (e.g. Portz & Tyus, 2004). Variations in temperature, vegetation, water level, habitat, 
flood pulse, and fish density are only some of the variables that impact reproduction (e.g. Portz 
& Tyus, 2004). In many tropical floodplains, the main driver of fish reproduction is the seasonal 
flooding and receding of water levels, called “flood pulses” (Junk et al., 1989). When water 
levels rise, fishes migrate laterally onto the surrounding floodplains and take advantage of newly 
accessible resources (Castello, 2008a; Welcomme, 1979). At this time, most floodplain fishes 
reproduce and many build nests in the vegetated floodplain habitats (Castello, 2008a; 
Welcomme, 1979). Floodplain forest and other vegetated habitats provide food and shelter for 
juvenile fishes (Welcomme, 1979). As waters recede, fishes return to permanent water bodies 
where they compete for resources until the next flood (Welcomme, 1979). Although it is 
understood that different species can exhibit distinctive reproductive strategies, striking 
differences can exist within closely related groups and even within individuals of the same 
species inhabiting different locations. For example, freshwater tropical fishes of the genus Cichla 
(Bloch & Schneider 1801) have shown distinct reproductive strategies among and within species 
(Gomiero & Braga, 2004; Vieira et al., 2009). Such differences can be genetic or environmental 
and can affect approaches to conserving biological diversity (e.g. Bowen & Roman, 2005; 
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Bruton, 1995; Meffe, 1990). Anthropogenic activities, such as fishing and habitat degradation, 
often have a negative impact on fish reproduction. For example, fishing can lead to smaller 
reproductive size or younger age at maturation through biological compensation (Trippel, 1995), 
while habitat degradation (e.g. alteration and deforestation) can limit spawning and nursery 
grounds needed for fish to successfully reproduce. Understanding specific reproductive traits of 
fishes and what variation exists is critical for establishing and evaluating conservation and 
management strategies.  
Reproductive ecology of many floodplain fishes in South America, however, is not 
known. As a result, promising conservation and regulatory measures could be hindered by not 
accounting for specific reproductive traits. This study sought to answer two questions relative to 
the variability in two reproductive traits of a floodplain fish genus: 1) Does size at first 
maturation vary among different sites? 2) Do nesting features vary among different sites? 
Specifically, nesting features and size at first maturation of South American arapaima (genus 
Arapaima) were investigated. No study has examined if arapaima reproductive traits vary across 
multiple sites. Although the majority of regulatory measures for arapaima set the minimum size 
of capture to 1.5 m, one study in the Central Amazon has shown that this may be at least 7 cm 
lower the estimated size at first maturation (Arantes et al., 2010). It is unknown if this 
discrepancy between practice and ideal scenarios is consistent across the arapaima’s range and, 
as a result, if and how regulations should be modified.  
Arapaima are a good model to study reproductive variability in tropical floodplain fishes 
for several reasons. Despite current data deficits, arapaima are among the better-studied tropical 
floodplain fishes. This is due to their economic value as a fishery resource and their large size, 
growing to 3 m in total length and 200 kg in weight (Arantes et al., 2010). The life history of the 
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arapaima typifies that of many floodplain fishes that spawn as rising waters flood the 
surrounding floodplain (Castello, 2008a; Welcomme, 1979). Adult arapaima dig a pan-shaped 
nest using their mouth and, after spawning, provide parental care to eggs and juveniles for 
several weeks (Castello, 2008a, Castello, 2008b; Fontenele, 1948; Queiroz, 2000). Although 
there has been no evaluation for how the reproductive traits for arapaima might vary across their 
range, three groups of factors make it a likely possibility. First, the natural range of arapaima is 
huge and spans various habitats, ecological regions, and flood pulse patterns (Abell et al., 2008; 
Junk et al., 2014; Chapter 2). Arapaima could therefore be expected to adapt or evolve unique 
reproductive traits to specific conditions. Second, there is increasing recognition of diversity 
within the genus. Although it was considered a monotypic genus for over a century, five species 
of Arapaima should be recognized (Stewart, 2013a,b). In addition, unique genetic stocks of 
arapaima have been found in different regions (Araripe et al., 2013; dos Santos et al., 2014; 
Vitorino et al., 2017). In Guyana, two genotypes were found to occur in sympatry (Watson el al., 
2016). Therefore, this genetic diversity could correlate with differentiated reproductive traits or 
strategies. Third, arapaima are threatened by overfishing and habitat degradation, both of which 
have altered the reproductive ecology of other fishes (e.g. Law, 2000). Arapaima are easy targets 
for fishers who can track and harpoon adults when they surface to breathe air, spawn over 
nesting sites, or provide parental care for easily visible schools of young (see Appendix 3.1). 
Habitat degradation of floodplain forests and vegetation (see Renó et al., 2011) further threatens 
spawning and nursery grounds of arapaima. Arapaima spawn in floodplain forest along the edges 
of lakes and canals (Castello, 2008a). Due to these vulnerabilities and their high economic value, 
arapaima are among South America’s most over-exploited freshwater fishes, with current 
populations estimated to be ~13% of historic levels. They are even locally extinct in some 
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regions (Castello et al., 2011; Castello et al., 2015). Although small-scale fisheries management 
of arapaima has successfully promoted local recoveries of non-migratory floodplain fishes (e.g. 
Campos-Silva and Peres, 2016; Castello et al., 2009; Oviedo and Bursztyn, 2016; Petersen et al., 
2016), diverse reproductive traits would introduce the need for more specifically tailored 
conservation schemes. Protecting floodplain fishes like arapaima depends on setting an 
appropriate minimum size of capture and limiting fishing efforts during reproduction, while 
maintaining critical spawning and nursery habitats.  
The main goal of this study was to evaluate length frequencies of harvest and two 
reproductive traits for arapaima. By comparing data collected for multiple sites in one region and 
published data for other regions, two null hypotheses were tested: 1) length at first female 
maturation for arapaima is consistent among sites, and 2) arapaima nest features do not differ 
among sites. Measurements were taken during commercial harvest and nest surveys were carried 
out in the field at several sites in the Lower Amazon. The latter were performed across varying 
habitat types, arapaima densities and fishing practices. The length frequencies of harvest were 
evaluated in light of minimum size of capture and length at first maturity. Our observations were 
compared to previously published literature. Although the recovery of arapaima populations has 
been achieved through small-scale initiatives (Campos-Silva & Peres, 2016; Castello et al., 2009; 
Oviedo & Bursztyn, 2016; Petersen et al., 2016), such efforts may be hindered if diverse 
reproductive traits are not accounted for when establishing conservation and management 
schemes. 
 
 
 
 39 
Methods 
Study Area 
Data collection was conducted in the Lower Amazon, near the city of Santarém, Pará 
State, Brazil (Figure 1). Study sites were located along the whitewater reaches of the Amazon, 
near its confluence with the Tapajos River. Whitewater floodplains, also called várzea, are 
characterized by slightly alkaline waters, high primary productivity, high turbidity due to 
suspended sediment loads, and high aquatic biodiversity and biomass (McClain & Naiman, 
2008; Melack & Forsberg, 2001). These floodplains are characterized by cyclically flooding and 
receding waters that bridge semi-terrestrial zones with permanent aquatic habitats and create a 
continuous aquatic network at peak flood. In the Lower Amazon, the annual flood pulse reaches 
a low in November/ December with peak flood averaging a height of ~ 7 m higher in May/ June 
(Goulding et al., 2003; Junk et al., 2014). Várzea floodplain habitats in the Lower Amazon 
border main river channels and contain a complex and constantly transitioning mosaic of smaller 
river channels, lakes, swamps, floating vegetation, herbaceous vegetation, shrub, sparse woody 
vegetation, forest, and agricultural plots. Study sites were located within an area about 2000 km2, 
creating an oval measuring 70 km at its longest axis and 35 km at its shortest. Considering the 
natural range of arapaima spans an estimated 2.9 million km2, the study area represents less than 
0.01% of the overall range of arapaima.  
Study sites were selected in five distinct fishing community zones outside formally 
protected areas on the várzea floodplain. Each community zone has federally recognized 
boundaries and community inhabitants work collectivity on community planning and 
management efforts. These efforts, including arapaima management initiatives, are highly 
variable in application and execution among the different communities. The five communities or 
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study sites were stratified into three groups based on location and arapaima population density 
estimates presented in Castello et al. (2015): high, Aritapera; medium, Tapará; and low, 
Atuma/Salvação (Figure 1; Table 1). 
 
 
Figure 1. Study locations in the Lower Amazon near the city of Santarém, Brazil with three 
arapaima (genus Arapaima) population density levels: 1) high (Aritapera), 2) medium (Tapará), 
and 3) low (Atuma/Salvação). In order of decreasing arapaima population density, the five 
fishing communities were: 1) Ilha do São Miguel, 2a) Santa Maria, 2b) Pixuna, 3a) Centro do 
Aripiri, and 3b) Ilha do Carmo. 
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Size at First Female Maturity  
Sampling  
In order to determine the size at which arapaima become reproductively mature, arapaima 
were examined from the commercial harvests between May and November in three floodplain 
regions (Table 1). In total, 647 arapaima (322 females and 325 males) were sampled during 
harvests. For each arapaima, sex was identified, total length was measured using a flexible tape 
measure (measured along dorsum from tip of upper jaw to tip of caudal fin), and level of 
maturity was determined for each female. Arapaima females have a single functional gonad and 
are partial spawners (Godinho et al., 2005). The level of maturity was determined by 
macroscopic observations of the female gonad and ranking it on a scale from I to IV (Appendix 
3.2), adapted from Arantes et al. (2010) and Lopes & Queiroz (2009): 
-Stage I (Immature) – Ovary is long, narrow and pink. Some oocytes may be visible, but 
swelling is extremely limited and visible oocytes do not cover more then 25% of the gonadal 
surface.  
Region Community Latitude, Longitude Accompanied Nest surveys
harvest (years) (years)
Aritapera High (35.5) Ilha do Sao Miguel 2.101675° S, 54.580984° W 2009, 2012, 2013 2013
Tapará Medium (18.79) Santa Maria 2.352360° S, 54.568706° W 2012, 2014, 2015 - -
(16.89) Pixuna 2.390578° S, 54.572956° W 2012, 2013, 2015 2014
Atuma Low (5.5) Centro do Aripiri 2.072083° S, 54.993712° W 2012, 2013, 2014 - -
Salvação (1.6) Ilha do Carmo 2.027986° S, 54.767097° W 2014 2013
Table 1. Localities and years for data collection for arapaima (Arapaima sp.) reproductive ecology in Lower 
Amazonian floodplain communities stratified by arapaima population density.
Arapaima density
class (indiv km-2)
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-Stage II (Maturing) – Ovary is pink or cream in color with 25% or more of the gonadal surface 
covered with oocytes that are white and slightly swollen. Vascularization is more evident, but 
there is no green, blue or purple coloration.  
-Stage III (Mature) – Ovary is large, swollen, rounded, and vascular. Some green, blue or purple 
coloration may be present in a pink matrix.  
-Stage IV (Very Mature) – Ovary is large, swollen, and rounded in cross-section with complete 
or near-complete green, blue or purple coloration. This stage included females that recently 
spawned or ‘inactive’ adults because arapaima are partial spawners and never have an empty 
ovary. 
 
Data Analysis  
All statistics were performed in JMP software (JMP, Version 9.0.1). All analyses for size 
at first reproduction were executed for pooled data and then stratified into groups based on 
arapaima population density and location (Figure 1; Table 1; see above). Length was stratified 
into 10 cm intervals. To compare sizes of harvested arapaima, length frequency distributions for 
males and females were graphed. Gonadal maturity of females was plotted in terms of 
proportions of the four maturity stages versus length intervals to visualize the progression of 
female maturation. 
Last, the total length of first sexual maturation (L50) for female arapaima was determined 
using nonlinear logistic curves. A logistic curve was fitted to the proportion of reproductively 
mature female arapaima (Mf) by length (L), using the equation:  !! ! !!!!! !"# !! ! ! !!" ! 
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where r is the slope of the curve and L50 is the mean length at first maturity or the length where a 
proportion of 0.5 (or 50 %) are reproductively mature. For each region, consistency in total 
length of first sexual maturation (L50) between collection years was evaluated by checking for 
overlap in confidence intervals. Overlap of confidence intervals for L50 was also used to compare 
estimate among regions. Lastly, findings were compared to available estimates for female 
arapaima maturity from other areas. Ideally, L50 was used as the basis of comparison, but other 
maturity estimates were considered. For studies that did not calculate L50 but presented a length 
frequency distribution of size classes and maturity (Godinho et al., 2005; Guerra Flores, 1980; 
Hurtado, 1997), L50 was calculated following the protocol above after generating a data table by 
applying the median of each frequency interval for the number of fish in that interval and 
classifying the specified proportion as mature. 
 
Nesting Habitat Surveys 
Sampling  
To identify arapaima nest features, nest surveys were performed in one community zone 
in each of the three community groups in 2013 or 2014 (Table 1). In each community zone, 
sampling for arapaima nests was conducted by accompanying expert fishers with an intimate 
knowledge of arapaima reproductive areas. Surveys were performed by walking transects during 
the low water season (i.e. November and December) in habitats adjacent to permanent water 
bodies that are under water during high water (Table 1). Transects were conducted on raised 
banks along the periphery of enduring water bodies, including along the main river channel, 
smaller canals, lakes, and shallow, semi-enduring lakes as per Castello (2008b). Transects were 
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roughly 30 m wide, starting from the edge of permanent water bodies. Distance traveled during 
surveys was recorded using a handheld GPS unit. 
The following measurements were made for each nest found (Figure 2): a) nest diameter, 
b) nest depth or height, c) height of the last flood relative to nest, determined by water-marks on 
nearby trees and vegetation, d) diameter of area around the nest brushed clean (i.e. free of fallen 
tree-leaves and small branches), and e) a classification of the surrounding habitat. Habitat was 
classified into one of five Amazon floodplain habitat categories presented in Hess et al. (2003): 
1) sparsely vegetated (< 10% vegetation cover), 2) herbaceous (dominated by non-woody plants, 
with <25% cover by trees or shrubs; herbaceous cover is usually >25% but may be less if 
herbaceous cover exceeds that of other life forms), 3) shrub (dominated by shrubs, with 
individuals or clumps not touching to interlocking; shrub cover is usually >25%), 4) woodland 
(dominated by trees with an open canopy where tree crowns are not touching, generally forming 
25–60% cover, but may be less if tree cover exceeds that of other life forms), and 5) forest 
(dominated by trees with a closed tree canopy where tree crowns are interlocking, generally 
forming 60–100% of crown cover). 
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Figure 2. Arapaima (genus Arapaima) often build nests and spawn in floodplain habitat that is 
flooded during high water, but accessible on foot during low water. In addition to classifying the 
surrounding habitat and the following measurements were standardized (A) nest diameter, (B) 
nest depth or height, (C) height of the last flood as determined by water-marks on nearby trees 
and vegetation, and (D) diameter of area around the nest brushed clean (i.e. free of fallen tree-
leaves and small branches). 
 
Data Analysis  
To evaluate and compare nest dimensions, descriptive statistics (i.e. range, mean, SD) 
were calculated for nest measurement data stratified by community zone (Figure 2) and region. 
Measurements of nests from the Central Amazon (Castello, 2008a) and Guyana (Watson et al., 
2016; Watson, unpublished data) were included in all analyses. Observations from captivity (i.e. 
fishes in pond culture) were also presented. The differences amongst means of each feature were 
evaluated using Tukey’s Honest Significant Difference (Tukey’s HSD) test, a multiple pairwise 
comparison procedure that identified which means are significantly different from one another. 
Multiple linear regressions were used to evaluate the relation between depth (dependent variable) 
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and diameter (independent variable) for each region. A general linear model with interaction 
(where depth is the dependent variable and both diameter and region are the interacting 
independent variables) was used to determine which pairs of regressions are significantly 
different from one another. Nesting habitat preference was determined by calculating the 
percentage of nests in each floodplain habitat category.  
The relation between the density of arapaima nests and the density of arapaima was 
determined as follows. For each area surveyed, the density of arapaima nests (nests km-1) was 
calculated by dividing the number of nests found by the linear distance traveled during transects. 
Nest density for each area was plotted against arapaima population density estimates from 
Castello et al. (2015). To create a more robust relation, the nest and arapaima densities from the 
Central Amazon were added to the scatter plot and evaluated with collected data using a linear 
regression (Castello, 2008b; Castello et al., 2011). For any outliers, the probability that the 
outlier belongs to the reference population was calculated based on an outlier analysis relative to 
the linear regression of nest density versus arapaima density (see Cook and Weisberg, 1982; 
analysis available in software package Statistix 10 for Windows; http://www.statistix.com). 
 
Results 
Size at First Female Maturity 
The estimated total length of female first maturation (L50) for combined data for our 
study area was 149 cm, but significant differences were observed among sites (Figure 3). The 
95% confidence intervals for L50 at the high population density site, Aritapera, did not overlap 
with confidence intervals for either of the other two sites, indicating a highly significant 
difference (Figure 3). Length of first maturity in the high-density region, Aritapera, was ~30 cm 
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less than elsewhere in the study area (139 cm vs. 168–169 cm). There was no significant 
difference between medium and low-density sites. Compared to other studies, the estimates for 
L50 in our study area are the shortest and among the largest reported for arapaima (Figure 4). The 
difference in L50 estimates for Aritapera and Tapará were consistent between collection years 
based on non-overlapping confidence intervals; whereas, between different years at the same 
site, confidence intervals overlapped by more than 50%. An inter-annual comparison was not 
conducted for Atuma/Salvação because of the limited sample size. 
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Figure 3. Logistic curves and estimated length of females at first maturity (L50) for: a) all data, b) 
Aritapera (high density), c) Atuma/Salvação (low density), and d) Tapará (medium density). 
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Figure 4. Reported estimates for size of female reproduction in arapaima (genus Arapaima) 
compared to the typical 1.5 m minimum size of capture. Size at first female maturation (L50; 
horizontal bars are 95% confidence intervals) was available for the Lower Amazon, Brazil (this 
study) and the Solimões, Central Amazon, Brazil (Arantes et al., 2010). Using data published in 
length and maturity frequency tables, L50 was calculated for the Tocantins River, Brazil 
(Godinho et al., 2005), Puerto Nariño, Amazonas State, Brazil (Hurtado, 1997), and Pacaya 
Samiria National Reserve, Peru (Guerra Flores, 1980). Other observations were reported for the 
Pacaya River, Peru (Lüling, 1964) and in captivity (Alcantara-Bocanegra, 1990; Bard & 
Imbiriba, 1986; Fontenele, 1948; Franco-Rojas & Peláez-Rodríguez, 2007). 
 
The distribution of maturity levels showed that female arapaima gonads began maturing 
at about 130 cm (Stage II, Figure 5). Observations of male and female harvest included a range 
of size classes from 70 to 217 cm (Figure 5), but the majority were between 100 and 160 cm 
(mean = 132 cm; SD = 32). Although there was no significant difference amongst regions, mean 
length of arapaima harvest decreased with decreasing arapaima density (region, mean (SD): 
Aritapera, 134 cm (26); Tapará, 131 cm (35); Atuma/Salvação, 126 cm (34)). The largest 
arapaima harvested were from Tapará, and were 20-30 cm larger than the largest from Aritapera 
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(Figure 5). Based on the government-specified minimum size of capture, ~ 70% of arapaima 
were harvested below the legal size limit of 150 cm, and there was little difference amongst 
regions (Aritapera, 66%; Tapará, 71%; Atuma/Salvação, 71%). Using site-based estimates for 
L50, less then 50% of harvest at Aritapera while more then 80% of harvest at Tapará and 
Atuma/Salvação were captured below minimum size at first reproduction (Aritapera, 44%; 
Tapará, 82%; Atuma/Salvação, 83%). 
On average, harvested female arapaima measured 134 cm, which was slightly but 
significantly larger than harvested male arapaima averaging 129 cm (t ratio = -2.023; P = 0.04). 
When separated by region, average female arapaima length also was larger than males for each 
region, but in each case, the difference was non-significant.  
 
Nesting Habitat Surveys  
Comparisons of nests from study locations and other regions show considerable variation. 
This exists amongst certain features, nesting habitat selection, and the relation between nest 
density and arapaima population density. While no nests were found at the highest arapaima 
density site of Aritapera, a total of 53 nest depressions in the shape of a cooking pan, were found 
during sampling in the communities of Ilha do Carmo (low arapaima density region of 
Atuma/Salvação; n = 22) and Pixuna (medium arapaima density region of Tapará; n = 31). For 
sites in the Lower Amazon, a significant difference was found between nest diameter means, but 
not for any other measurement (Table 2). Cleaned area around nests was observed for 15 of the 
53 nests; amounting to 30% of nests in Salvação and 25% of nests in Tapará. In comparison to 
other regions, some significant differences were observed amongst means of nest diameter, 
depth, volume, depth in the water column, and diameter of cleaned area around nest (Table 2). 
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For Amazonian sites, there was no significant difference amongst available data for diameter of 
cleaned area. Qualitatively, however, two nest types in Guyana had a notable difference in the 
extent of cleaned area around the nest (Table 2; Watson et al., 2016). A linear regression showed 
positive and in some cases significant relations between nest depth and diameter. The diameter-
depth relation for one Guyana morph was significantly different from all other diameter-depth 
relations. In the Lower Amazon, at least 90 % of nest sites were found below over-hanging 
woody vegetation, with 75 % in forest habitat and 16 % in woodland habitat and similar 
distributions in both sites (Table 2). Only five nests (~9 %) were found in open, non-shaded 
habitat at the edge of a lake or canal. The results for the Lower Amazon closely resemble those 
for the Central Amazon, where 87 % of nests were found in forests. In contrast, however, 
observations in Guyana revealed that a particular morphology of nests was found almost entirely 
in open savannah grasslands (Table 2).  
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Figure 6. The relation between population densities of arapaima and arapaima nests in (1) three 
sites in the Lower Amazon under varying management regimes surveyed in 2014, and (2) one 
area in the Central Amazon surveyed over three years of varying arapaima population densities 
(Castello, 2008b; Castello et al., 2011). The relation is non significant for all data (R! = 0.00) but 
is positive and significant after removing the single outlier in the Lower Amazon where no nests 
were found (n = 5; P = 0.00; y = 0.1004x - 0.7363; R! = 0.98). Shaded area represents 95% 
confidence interval for the simple linear regression after excluding the outlier. P-value represents 
the probability that the outlier belongs to the reference population based on an outlier analysis 
relative to the linear regression of nest density versus arapaima density. 
 
Discussion 
The results emphasize the diversity in both sizes at maturation and nests of the genus 
Arapaima. This diversity is observed at various scales including across the genus’ range and at 
multiple sites within a relatively small region in the Lower Amazon. Therefore, both null 
hypotheses were rejected and it was concluded that: 1) length at first female maturation for 
arapaima is not consistent among sites, and 2) arapaima nesting features differ among sites. 
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Length at First Maturity 
In a relatively small area in the Lower Amazon, representing only 0.01% of the 
arapaima’s natural range, a nearly 30 cm difference was discovered among sites for size at which 
females became reproductive, using the L50 as an indicator. These were statistically significant 
differences. Furthermore, the lowest known L50 reported for female arapaima to date (i.e. 139 
cm) was recorded. Overall variation in L50 estimates for arapaima show an even greater interval, 
spanning nearly 70 cm from 139 cm in the Lower Amazon to 207 cm in the Upper Amazon in 
Peru. Given the large range of the genus Arapaima, some reproductive variation should be 
expected. Arapaima naturally occur across two major river basins (i.e. Amazon and Essequibo), 
five countries (i.e. Brazil, Columbia, Peru, Ecuador, and Guyana), four major wetlands in 
northern South America, and 11 unique freshwater eco-regions in three freshwater habitat types. 
Other freshwater, tropical fish genera show variation in reproductive strategies (e.g. genus 
Cichla; see Gomiero & Braga, 2004). Even within species, reproductive variation can be 
observed due to environmental gradients, genetic diversity, and abiotic factors such as variation 
in habitat or flood pulse patterns (e.g. Duponchelle et al., 2015; McDermid et al., 2010; Vieira et 
al., 2009; Zhao et al., 2008). However, because notable variation is not observed in flood pulse 
or habitat characteristics in the Lower Amazon, where there are anthropogenic pressures from 
cattle ranching and agricultural practices, they are unlikely drivers of the 30 cm difference in size 
at first maturity for female arapaima in the area. The sites are about 30 km apart with no physical 
barrier between them. Instead, the diversity in size at first maturation in the Lower Amazon 
could be a result of fishing pressure, fishing gear, and/or genetic variation. To begin with, it is 
possible that high fishing pressure results in lower arapaima density and a larger length at first 
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maturity. For example, relatively high fishing pressure in the 1990’s (especially on immature 
fishes) in the Central Amazon resulted in a lower arapaima density with individuals of larger 
sizes with later ages of sexual maturation (L50 = 164 cm and 4-5 years) compared with high 
population density conditions (L50 = 157 cm and 3 years) achieved nine years after 
implementation of management initiatives (i.e., a 7 cm decline in L50; Arantes et al., 2010). 
Irrespective of year of data collection in the Lower Amazon, the largest L50 is observed for low- 
and medium- density conditions (~168 cm) and the lowest L50 for high-density conditions (139 
cm).  
Second, the difference in maturity could be associated with notable variation fishing 
techniques that exert size-selective pressures. At the low L50 site, Aritapera, all fishing is done 
with hook and line, harpoon or cast net. At all other sites, gill nets of various mesh sizes are 
commonly used, and a larger proportion of smaller arapaima are caught as by-catch (as indicated 
by mean harvest lengths and frequencies, Figure 5). Different fishing techniques can result in 
size selective population shifts (e.g. Arantes et al., 2010) and even shifts in population genetics 
(e.g. Allendorf & Hard, 2009). In addition to a low L50, the maximum length of harvested 
arapaima at Aritapera, the highest density and likely best managed site in our study area 
(Castello et al., 2015), is 20-30 cm smaller than the largest arapaima harvested at Tapará. In fact, 
only two of +240 arapaima at Aritapera were greater than 180 cm. It is possible that the largest 
fishes are able to evade fishing. However, there is evidence that harpoons and baited hooks are 
effective at capturing very large arapaima. Lastly, the differences in both L50 and maximum sizes 
observed in this study could be a result of genetic diversity amongst populations. In Guyana, 
Watson et al. (2016) showed substantial genetic variation at small spatial scales and even 
sympatry of genetically distinct groups. Similar genetic variability among populations in our 
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study area could correspond to ecological and evolutionary differentiation (i.e., sympatric but 
distinct groups or species).  
 
Nest Features 
Contrary to expectations, no nests were found in the highest arapaima density site of 
Aritapera in the Lower Amazon (outlier in Figure 6). This could be a result of disturbance to 
nests or alternative reproductive strategies resulting in differences in spawning habitat selection 
or even behavioral differences of arapaima at that site. Due to intensive cattle ranching on Lower 
Amazon floodplains, it is possible that grazing cattle trampled and obscured nesting sites. Still, it 
would be expected that some nests would have been found because arapaima nests were found in 
other areas with varying densities of grazing cattle and related substrate disturbances. Accounts 
from local fishers suggested that arapaima from Aritapera reproduce in shallow water along the 
edge of lakes just at the end of the lower water period; thus, nest depressions only would be 
exposed in the most severely dry years. Similar behavior has been reported for arapaima in Peru 
(Lüling, 1964). This distinct nesting behavior corresponds with above-mentioned differences in 
L50 and maximum total length, supporting the testable hypothesis that there could be substantial 
genetic differentiation involved.  
For measured nests, most differentiation was observed between sites in Guyana and sites 
in the Amazon basin (i.e. grouping nesting features in the Central and Lower Amazon). The nest 
feature that differed most was nest diameter with significant differences between and within 
regions. It is possible that these differences result from age structure of each population, with 
older fishes making larger nests. However, length-frequency of harvested fishes was not notably 
different between Tapará and Atuma/Salvação (Figure 5). For Amazon basin sites, the area 
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arapaima cleared around its nest did not vary in any site or region where it was measured, 
showing consistency in this behavior. In contrast, nest sites in Guyana revealed two different 
behaviors, with either extensive clearing or no clearing (Watson et al., 2016; Table 2). Although 
clearing behavior was only recorded for one third of nests in our study area, it is possible that the 
majority of Amazonian arapaima clear nest sites (e.g. Castello, 2008a). They may do this as a 
defensive adaption to avoid small predatory fishes eating eggs and larvae (Castello, 2008a). 
Clearing may not have been observed because nesting habitats in the region are subject to the 
trampling and overgrazing by cattle that move debris and can obscure the outline of understory 
vegetation that defines the edge of areas cleared by spawning arapaima. There was some 
variation between sites and amongst regions in flood height at nesting sites. It is difficult to say 
precisely how high the water was when the nest was utilized, however, because arapaima spawn 
through the flood with gradually rising and subsiding waters. The habitat classification of 
arapaima nesting sites in the Amazon basin were largely uniform, with nearly 90% found in 
forest or woody vegetation. In contrast, in Guyana, some arapaima spawn in savannah grassland 
sites devoid of woody vegetation. 
 
Conservation Implications 
This study reveals problems in floodplain fish conservation and management resulting 
from the frequent harvest of immature arapaima and modification of critical nesting habitat. The 
problem of harvesting immature fish is caused by widespread illegal fishing and inappropriate 
regulations. Our results demonstrated noncompliance with the minimum size of capture in the 
Lower Amazon, with the majority of harvest, ~ 70%, falling below the minimum legal limit. 
Similar non-compliance has been observed by other studies in the Central and Lower Amazon 
 59 
(Castello & Stewart, 2010; Cavole et al., 2015; see also Martinelli & Petrere, 1999). In addition, 
our results show that compliance with the current legal minimum size of capture allows the legal 
harvest of non-reproductive individuals at most sites. This would decrease both sustainability 
and the reproductive potential of arapaima populations. In contrast, when evaluated using 
estimates for lengths at first maturity, less than half of the harvest in the high-density site was 
“undersized” while more than 80% was undersized in medium and low-density sites. Therefore, 
there is a need to improve spatial resolution of management and enforcement to ensure that the 
majority of arapaima harvested, and presumably sold to market, are not reproductively immature.  
 A further complication is the diversity in lengths at first maturity, both across the 
arapaima’s range (70 cm interval) and even among sites within a region (30 cm interval). This 
variation presents unique and, to date, unrecognized conservation challenges for arapaima. 
Although current conservation and management of arapaima must be conducted using the best 
available information despite data deficits, regulations must eventually be evaluated and adjusted 
as needed to maximize their effectiveness. Due to variability in life-history traits among 
populations, application of a uniform minimum size of capture across all arapaima populations is 
not appropriate and could result in the extirpation of arapaima populations that have larger size 
and/or late age of first reproduction (e.g., Castello et al., 2015; Dulvy & Reynolds, 2009). In 
Peru, for example, preventing the extinction of late-spawning fishes (> 2 m) might require 
extensive no-take reserves with game guards analogous to what is needed for some large 
mammals of East Africa. Verifying the continued existence of such fishes in Peru and assuring 
their conservation should be given high priority. Minimum size of capture needs to either be set 
conservatively high (i.e. higher than 150 cm) or be evaluated at the population level to determine 
suitable regulations based on L50 estimates. The latter presents conservation challenges in  
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determining and enforcing variable minimum size of capture at regional and local scales. 
 Lastly, this study shows that forested habitat needs to be protected or restored where it 
has been degraded or lost. Almost all arapaima in the Lower Amazon nested in forested or 
woody habitats although arapaima at Aritapera appear to be an exception. This corroborates 
findings in the Central Amazon, where arapaima depended on forested areas to nest and spawn 
(Castello, 2008a). In addition, arapaima use vegetated areas as nursery grounds (Castello, 2008b; 
also see Appendix 3.1). Deforestation and habitat alterations such as overgrazing of vegetation 
by cattle (e.g., Goulding et al., 2003, 107–111; Renó et al., 2011) can limit spawning and nursery 
grounds needed for fish reproduction. This is troubling considering that forests of Amazonian 
floodplains continue to be threatened by land cover changes (Renó et al., 2011). 
Although small-scale arapaima management initiatives have promoted local recoveries of 
overexploited arapaima populations (e.g. Campos-Silva & Peres, 2016; Castello et al., 2009; 
Oviedo & Bursztyn, 2016; Petersen et al., 2016), these efforts can be hindered by ineffective 
regulations and the degradation of critical habitats. Based on our findings, three main 
recommendations are suggested:  
1) set conservative regulatory and enforcement schemes (i.e. minimum size of capture larger 
than 150 cm) that are evaluated and adjusted as needed to maximize effectiveness,  
2) protect and restore forest cover and aquatic macrophytes in the Lower Amazon through 
effective land use practices, and  
3) determine what factors contribute to the significant regional differences in life histories among 
arapaima populations.  
Among the greatest threat to conservation of arapaima and other floodplain fishes is 
ignorance of their basic biology. 
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CHAPTER 4 
Seasonal Movements and Site Fidelity of Arapaima (Genus Arapaima) in the Lower 
Amazon, Brazil: Implications for Conservation and Management * 
 
Abstract 
Many floodplain fishes migrate laterally during high-water periods, moving into habitats 
adjacent to permanent water bodies. That includes the giant South American arapaima (genus 
Arapaima), which move into newly flooded areas, especially forests, to feed, reproduce, and 
raise young. This project aimed to characterize seasonal migration patterns and lake fidelity of 
arapaima by: 1) determining connectivity between lake populations, 2) determining if arapaima 
leave managed zones, specifically during the flood season; and 3) identifying if arapaima exhibit 
lake fidelity in consecutive low water seasons. This study was conducted in floodplain habitats 
near the city of Santarém (Pará State, Brazil) in the Lower Amazon. In December 2014, in the 
low water season, 24 arapaima were marked with ultrasonic tags in three lake areas. Monitoring 
was conducted using an array of 19 stations each equipped with fixed ultrasonic receivers in four 
unique lake areas and additional surveys were conducted with a portable receiver. Over the 
course of both sampling years, an average of ~74% (SD= 12.6) of surviving arapaima returned 
their lake of origin; at least of 25% (SD= 6.6) of all marked arapaima were harvested. Some 
arapaima were detected at more than eight stations, while others were detected at only two. In 
high water, three arapaima were recorded in a different community zone of origin. Based on 
receiver data, the longest distance and arapaima traveled from its lake of origin was 6 km. 
                                                
* Gurdak, D. J., Thomas, M., Stewart, D. J., & Klimley, A. P. (in prep). Seasonal Movements and 
Site Fidelity of Arapaima (Genus Arapaima) in the Lower Amazon, Brazil: Implications for 
Conservation and Management. Target journal/s: Animal Biotelemetry. 
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Arapaima movement from all lake areas where tags were deployed overlapped during the high 
water season in the central Pixuna Lake. Overlap in distributions of arapaima from all three lake 
populations showed connectivity during rising water, especially near known spawning grounds 
for arapaima. As water levels rose, arapaima migrations were not contained within management 
units. The largest detected distance that arapaima traveled was at least 6km and arapaima were 
captured ~10 m from lake of origin. Arapaima showed considerable fidelity to lake of origin. 
Ideal floodplain management areas must contain fish migrations of the management target. 
Instead of managing at the lake level or community level, management of floodplain fish should 
consider networks of lakes that sustain a fish population. 
Key Words: telemetry, South America, ultrasonic, small-scale, lake, freshwater fish 
 
Introduction 
Effective conservation and management efforts that minimize the increasing threats to 
global freshwater taxa must account for phenomena associated with animal movements, such as 
home range, dispersal, and migrations (e.g. Arthington el al., 2016; Dudgeon et al., 2006; He et 
al., 2017; Lucas and Baras, 2008; Strayer & Dudgeon, 2010). Many freshwater fishes undergo 
migrations linked to changing seasons, ontogenic shifts, and spawning behaviors that are critical 
to their life histories and reproductive success (Lucas & Baras, 2008). These behaviors can 
involve short migrations to flooded riparian areas (e.g. Gorman and Stone, 1999; Patten et al., 
2001) and long migrations of hundreds or even thousands of kilometers (e.g. Pusey et al., 2004; 
Hogan et al., 2004; Lucas & Baras, 2008). Human activities can affect migrations and quickly 
decimate fish populations through overfishing, construction of physical barriers to migration, and 
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habitat degradation (e.g. Helfman, 2007). Accounting for freshwater migrations can improve our 
efforts to sustain freshwater taxa and maintain the processes that allow them to persist. 
Fish migration in South American floodplain environments is influenced by a variety of 
biotic and abiotic factors, but the primary driver is the hydrological regime known as the flood 
pulse (Junk et al., 1989). This seasonal pulse is characterized by increasing water levels that 
result in lateral expansion of water from the main river channel across low-lying floodplain areas 
(Junk et al., 1989). Floodplain environments are biologically productive and species-rich due to 
the pulsing transition between terrestrial and aquatic phases (Junk et al., 1989). Floodplain plants 
and animals are highly adapted to annual changes in water levels (e.g. Castello, 2008b; 
Welcomme, 1979). For example, when water is low, floodplain fish are concentrated in lakes and 
river channels. At this time, their range is limited to the boundaries of the water body on the 
floodplain. During rising water, the main river channel inundates the floodplain landscape 
increasing the amount of area accessible to freshwater taxa. Many fishes migrate laterally onto 
the floodplain to reproduce and feed on newly accessible plants, fruits, invertebrate and fish 
(Castello, 2008b; Welcomme, 1979). As water recedes, fishes again become concentrated in 
floodplain lakes and canals. 
Besides lateral migration, relatively little is known about the migratory behavior of fishes 
in tropical rivers and lakes (Lucas & Baras, 2008), particularly in the South American tropics. 
Specifically: 1) Do fishes return to floodplain water bodies in subsequent low-water seasons? 2) 
Do the home ranges of fishes in different lakes overlap? 3) How far do fishes migrate laterally 
from floodplain lakes? By answering these questions, the most effective size and spatial 
configuration for conservation and management could be identified. 
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South American arapaima (genus Arapaima) exemplify the life history of laterally 
migrating floodplain fishes. Arapaima are economically valuable, large, and air-breathing fish 
that can grow to 3 m in length and weigh up to 200 kg (Arantes et al., 2010). During low water, 
arapaima prefer deep, large, and more connected floodplain lakes and channels (Arantes et al., 
2013). As water from the main river stem inundates the landscape, arapaima migrate laterally to 
feed, spawn, and guard their young (Arrington & Winemiller, 2006; Castello, 2008a,b). They are 
not thought to migrate extensively and seem to have small home ranges on average (Núñez-
Rodríguez et al., 2015; Ruffino & Isaac, 1995). Because of their value and good taste, arapaima 
are considered one of the most overexploited fisheries in South America and are locally extinct 
in some areas (Castello & Stewart, 2010; Castello et al., 2015). Although much remains to be 
done, small-scale management efforts have emerged as a promising and effective mechanism for 
recovering arapaima populations (Chapter 5). These efforts empower floodplain communities to 
regulate fishing activities within their community zones. The efficacy and long-term success of 
these efforts, however, can be hindered by limited information about the migrations of arapaima. 
Our understanding of arapaima home range, site fidelity, and habitat use across environmental 
gradients is poorly known. This project aimed to characterize seasonal migration patterns and 
lake fidelity of arapaima in a lower Amazonian floodplain. This chapter addressed three key 
objectives: 1) determine connectivity between lake populations; 2) determine if arapaima leave 
managed zones, specifically during the flood season; and 3) identify if arapaima exhibit lake 
fidelity in consecutive low water seasons. Using ultrasonic telemetry, I developed a knowledge 
base about migrations that can be used in making crucial decisions impacting the conservation 
and management of arapaima. 
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Methods 
Study Area 
This study was conducted in floodplain habitats near the city of Santarém (Pará State, 
Brazil) in the Lower Amazon, roughly 15 km downstream from the confluence of the Amazon 
and Tapajos rivers (Figure 1a). Floodplain habitats along the Amazon River, also called 
whitewater floodplains or várzea, are characterized by slightly alkaline waters, high primary 
productivity, high turbidity due to suspended sediment loads, and high aquatic biodiversity and 
biomass (Melack et al., 2001; McClain & Naiman, 2008). These floodplains are characterized by 
a pulse of cyclically flooding and receding waters that bridge semi-terrestrial zones and aquatic 
habitats. At peak flood, the landscape along main river channels forms a continuous aquatic 
network. In this region, the annual flood pulse of the main channel reaches a low in November 
with peak flood averaging a height of ~ 7 m higher in May (Figure 1b). Várzea floodplain 
habitats border the main river channel and contain a complex and constantly transitioning mosaic 
of smaller river channels, lakes, swamps, floating vegetation, herbaceous vegetation, shrub, 
sparse woody vegetation, forest, and agricultural plots. Study sites were located in two fishing 
community zones in the region of Tapará, outside formally protected areas on the várzea, but 
each community has federally recognized boundaries (Figure 1a). These floodplain communities 
are amongst the few in the area with substantial arapaima densities because community 
inhabitants work collectivity to manage fishery resources (Castello et al., 2015; see Figure 1a). 
The area contained several lakes and ponds in the low water season and fishing is regulated year 
round by local management efforts. Poaching, especially of arapaima, is generally deterred 
through regular surveillance mainly in the low water season when fishes are more concentrated 
and easier to harvest.  
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Figure 1. (a) Density of arapaima based on population surveys in the Lower Amazon region, near 
confluence of the Tapajos River with the Amazon (adapted from Castello et al. 2015). Ultrasonic 
telemetry was used to monitor the movement of arapaima within highlighted study area 
(enlarged in Fig. 2). (b) Annual water level cycle with 95 % confidence intervals for high and 
low levels based on two decades of monitoring at a station 100 km upstream of Santarém 
(www.snirh.gov.br/hidroweb/, 1990-2010, Curuai station, -2.2725 S, -55.4808 W).  
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Research Protocol 
In December 2014, 24 arapaima were marked with ultrasonic tags in three lake areas 
(Figure 2). Deployment coincided with the low water season when arapaima were concentrated 
in lakes and easier to capture. The total length (TL) of arapaima ranged from juveniles (<1.5 m; 
n = 19) to adults (>1.5 m; n = 5; Figure 3). Arapaima were captured using a 120 x 6 m seine with 
18 cm stretch mesh size. Captured arapaima were placed in a custom surgical cradle, ventral side 
up, during ultrasonic tagging. A small 2-3 cm incision was made with sterile scalpel into the 
peritoneal cavity on the ventral side of the fish. A sterilized ultrasonic transmitter (Vemco V16, 
with a unique acoustic signal for each fish) was implanted through the incision, which was then 
closed using three or four interrupted surgeon's knots. Acoustically tagged arapaima were 
monitored for 24 consecutive calendar months. Each 12-month period encompassed four 
seasons: low water (Nov–Jan), rising water (Feb–Apr), high water (May–Jul), and receding 
water (Aug–Oct). Monitoring was conducted using an array of 19 stations each equipped with 
fixed ultrasonic receivers (Vemco VR2W) in four unique lake areas: Buraco, Pixuna, Resaca, 
and Purus (Figure 2). Second, in low water seasons following deployment (Nov–Dec of 2015 
and 2016), neighboring lakes without fixed receiver stations were surveyed for marked arapaima 
using a portable receiving unit (Vemco Vr100) with directional and non-directional 
hydrophones. Community members also were asked to look for transmitters in harvested 
arapaima and, if found, to record the date and location of capture, as well as to return the 
transmitter to us so that I could identify the individual fish. 
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Figure 2. Lakes where arapaima were tagged with ultrasonic transmitters (dark blue) in two 
communities were Buraco, Purus, and Resaca. Receivers (black dots) were positioned in each 
deployment lake and a fourth central lake: Pixuna.  
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Figure 3. Size frequency distribution of arapaima (n = 24) marked with ultrasonic receivers in 
floodplain habitat of the Lower Amazon near the city of Santarém. 
 
Data Analysis 
The 24-month monitoring period was split into two 12-month intervals, named year one 
and year two. Each year consisted of four seasons corresponding to water levels: low, rising, 
high, and receding. The sample size of year one included the total number of arapaima marked 
with a transmitter. The sample size of year two excluded harvested and absent arapaima, thus 
including only fish still recorded in the study area at the end of year one. The percentages of 
arapaima returned, harvested, and absent from the study area were calculated for each year. The 
fidelity of arapaima to a particular lake was determined by comparing arapaima locations in 
subsequent low water seasons. Detection data for each fish were grouped by month and locations 
of arapaima were graphed to show movements during the monitoring period. The total number of 
arapaima detected in each lake was tabulated for each month and graphed. 
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Results 
During subsequent low water seasons, marked arapaima were not found outside of their 
lake of origin. During both sampling years, an average of ~74% (SD= 12.6) of surviving 
arapaima (i.e. arapaima known not to be harvested) returned their lake of origin (Figures 4, 5). 
Over the course of both monitoring periods, at least of 25% (SD= 6.6) of marked arapaima were 
harvested. After year one, 15 of the 24 arapaima (62%) were located in their origin lake, with 
five in Purus and ten in Buraco. Excluding harvested arapaima, a mean of ~77% (SD= 20) 
returned to their lake of origin. A minimum of five arapaima were harvested before the low 
water season and four were unaccounted for. Two of the four harvested arapaima were captured 
in the neighboring community of Tapara-miri while all other harvests occurred in the origin 
community. The sole juvenile fish tagged in Resaca was harvested as by-catch by a local 
fisherman (Figure 4). One additional arapaima was harvested during the low water season before 
the start of year 2, leaving 14 arapaima at the end of the first monitoring period. After year two 
of the study, seven of the 14 arapaima (50 %) returned to their origin lake after the subsequent 
monitoring period; three in Purus Lake and four in Buraco Lake. During that time, four arapaima 
were harvested and three were not found. Discounting harvested arapaima, an average of ~71% 
(SD= 6) returned to their origin lake during year 2. 
In low water, arapaima were isolated in lakes, but as water rose, arapaima were detected 
in a central lake of Pixuna (Figure 6). The average number of arapaima detected in deployment 
lakes was highest in the low water season, decreased as waters rose, and increased as water 
receded. The number of fish detected in lake Pixuna was highest during rising water (Figure 6). 
Detections of individual fish indicated several patterns of movements, including detections only 
in the deployment lake throughout the entire flood cycle, detections in the deployment lake only 
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during low water seasons, and detections in and outside deployment lakes throughout the year 
(Figures 4, 5). Some arapaima were detected at more than eight stations, while others were 
detected at only two. Even during low water, when arapaima were in closed lakes, data from 
Purus lake showed that some moved around in the lake while others remained more stationary. 
During higher water levels, one fish was recorded in a different community zone from where it 
was initially tagged. Based on receiver data, the longest distance traveled by an individual 
arapaima was detected at receiver 6 km away from its lake of origin. Arapaima movement from 
all lake areas where tags were deployed overlapped during the high water season in the central 
Pixuna Lake.  
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Figure 4. Detected locations of each tagged arapaima (n= 24) throughout the annual flood cycle 
for year one (December 2014 through November 2015) of the two-year monitoring period, in 
relation to water level (cm) above average low-water level. Fishes marked as “Absent” were not 
verified as harvested and not found at end of a particular flood cycle. 
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Figure 5. Detected locations of each tagged arapaima (n= 24) throughout the annual flood cycle 
for year two (December 2015 through November 2016) of the two-year monitoring period, in 
relation to water level (cm) above average low-water level. Fishes marked as “Absent” were not 
verified as harvested and not found at end of a particular flood cycle. 
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Figure 6. Number of acoustically tagged arapaima detected in each lake area against time in three 
lake areas in the Lower Amazon: (a) Buraco, (b) Pixuna, and (c) Resaca. Monitoring began in 
December, 2014, and continued for two flood cycles or 24 months, ending in November, 2016. 
The fourth lake, Resaca (not depicted above), only had one marked arapaima that was harvested 
in the fifth month of the study; it was the only fish detected in that lake. 
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Discussion 
Like many floodplain fishes, the migration of arapaima in this study was linked with the 
pulsing, seasonal water level. During low water, arapaima were restricted to floodplain lakes and 
the movement patterns of individual arapaima within lakes were variable and not linked to fish 
size. Some arapaima were stationary (i.e. detected at just one receiver) while others were more 
mobile, traveling throughout the entire lake. Consistent with these results, similar variability in 
arapaima movements were observed in a large lake of the Upper Amazon (Núñez-Rodríguez et 
al., 2015). With rising water levels, arapaima began to leave lakes and migrate laterally across 
the floodplain into newly accessible water bodies. Such lateral migrations have been documented 
for other floodplain fishes (Welcomme, 1979) and for arapaima in the Central Amazon, where 
observations of arapaima within floodplain lakes drastically decreased as water levels rose 
(Castello, 2008b).  
 Arapaima reproduce as water levels rise along the edge of lakes, preferring to spawn in 
flooded forests (Castello, 2008a; see Chapter 3). The overlap in distributions of arapaima from 
Buraco, Purus, and Resaca Lake populations in this study showed connectivity during rising and 
high water seasons. Specifically, lake populations converged in the central lake of Pixuna, which 
has a high density of arapaima spawning sites in adjacent forests that flood (see Chapter 3). 
Arapaima from multiple lakes converged at a known spawning area, contributing to genetic 
mixing of lake populations. This behavior supports genetic work that showed high levels of 
genetic mixing for arapaima at small scales (i.e. less than 25 km; Araripe et al., 2013). 
 The lowest detections of arapaima during the peak flood showed that arapaima leave 
water bodies and migrate further away from lakes and onto floodplains, where dense vegetation 
provides food and nursery areas for adult arapaima guarding their young. At this time, the 
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maximum possible home range for arapaima is much larger, encompassing a floodplain area that 
includes the main river channels and banks on either side. The largest detected distance that 
arapaima traveled was at least 6 km and arapaima were captured by fishermen ~10 m from their 
lake of origin. It is possible that some arapaima traveled much further, but their movements were 
not observed. Another study in the same region indicated that arapaima traveled up to 25 km 
away from their lake of origin (Crossa et al., 2003). In another study, arapaima movements were 
highly variable, with individual fishes moving from 1 to 30 km during the study period (Núñez-
Rodríguez et al., 2015). In this study, however, the majority of arapaima were detected 
intermittently throughout most of the study period, indicating they did not migrate far from the 
study area. Surprisingly, no arapaima tagged in Buraco Lake were detected in Purus Lake or vice 
versa, showing possible territoriality of arapaima from each of those lake populations. 
 As water levels rose, arapaima migrations were not contained within management units. 
One arapaima was recorded in another community zone and two were harvested in yet another. 
This shows that during high water levels, arapaima migrate laterally through lake networks and 
across the floodplain, irrespective of administrative zones. Arapaima may rely on and travel 
across a group of shared lakes or water bodies, or a lake network. It is more likely that arapaima 
migrations are limited by physical barriers such as main river channels and lakes that are farther 
apart and have less connecting channels and neighboring lakes.  
Despite movements and spatial mixing during high water, arapaima exhibited a high level 
of site fidelity in consecutive low water seasons. Excluding arapaima that were harvested, an 
average of 74 % returned to their lake of origin when the floodwaters receded and no arapaima 
were found outside of their lake of origin. It is likely that arapaima that were unaccounted for 
were harvested or poached. For example, two fishes disappeared from Purus Lake one month 
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after tagging, but before rising waters would have allowed them to leave the lake of their own 
volition (Figure 4; fishes A-03 and A-06). The striking site fidelity for arapaima contradicts the 
suggestion that arapaima randomly return to lakes during the low water season, contributing to 
genetic mixing (Araripe et al., 2013). Instead, arapaima exhibit site fidelity after migrating 
laterally. Being a visual predator (Castello, 2008b), arapaima may home to lakes of origin using 
visual pilotage. Site fidelity likely improves survival by increasing the likelihood that arapaima 
do not end up in an area that dries or is otherwise not hospitable during the low water season. 
During low water, arapaima prefer deeper more connected lakes that can improve survival, 
especially in years of extreme droughts (Arantes et al., 2013). Rather then returning to random 
lakes, the genetic mixture of arapaima in closely located lakes (Araripe et al., 2013) is likely 
facilitated by shared nesting areas in floodplain habitats (see above) and perhaps by the 
subsequent dispersal of juvenile fish. After parental care, arapaima young-of-the-year are 
thought to select smaller ponds and lakes that can increase survival through relatively less 
competition or predation compared to larger and deeper lakes. Juvenile arapaima (age 1+ or 
older) may then select a larger and deeper lake in subsequent years and then return to that same 
lake year after year. 
 
Conclusion 
These results showed that site fidelity of arapaima can allow for successful small-scale 
fisheries management, even at the community level. This is true despite intense fishing pressure 
in an area with managed arapaima fisheries, as evidenced by at least 25% of all tagged fish being 
harvested. However, arapaima migrate beyond a single lake or anthropogenically drawn 
management unit. Instead, ideal floodplain management must encompass an area that 
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encompasses the majority of arapaima migrations, or a lake network. A lake network should 
contain arapaima migrations from multiple lake populations that together contribute to the 
reproductive success of a population. If one community is successfully managing arapaima in a 
floodplain lake, those arapaima may leave during the flood to be harvested by an adjacent area 
that does not comply with fishing restrictions. The communities in our study area are adjacent 
and represent a lake network that together sustains high arapaima populations in the region. Each 
of the communities in the area are involved in arapaima management (catch regulation, 
surveillance) and are nested in a larger area that is depleted of arapaima, largely due to 
unregulated harvest. An effective management unit may need to have dimensions of at least 10 
km and perhaps up to 25 km, depending on the local landscape features. This reveals the 
continued need for collaborative community management efforts, especially where lake 
networks span across anthropogenically defined boundaries of community zones. 
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CHAPTER 5 
Evidence of Recoveries from Tropical Floodplain Fisheries: Three Examples of 
Management Gains for South American Giant Arapaima * 
 
Abstract 
Although tropical inland fisheries provide important regional income and food security, 
these fisheries face severe management challenges that are amplified by distinct ecological, 
economic, and political factors. The arapaima (genus Arapaima) are of particular interest 
because of their large size (up to +3 m and +200 kg), and substantial economic and cultural value 
in South America. Arapaima are among the most historically important and overexploited 
fisheries in South America. Unfortunately, traditional fishery management approaches have been 
ineffective, and arapaima populations have suffered drastic stock depletions and even local 
extinctions across much of their range. Fortunately, over the past 15 years small-scale co-
management efforts have promoted pockets of successful recovery for arapaima fisheries. In this 
analysis, we begin by introducing the history of arapaima fishing, the difficulties encountered by 
early management efforts, and later improvements to arapaima management approaches using 
co-management at a small scale with local residents. We then evaluate the implementation of this 
promising approach across three regions: 1) Mamirauá Sustainable Development Reserve, 
Amazonas State, Brazil; 2) Santarém region, Pará State, Brazil; and 3) North Rupununi, Guyana. 
Specifically, each region was evaluated based on the presence and implementation of eight 
                                                
*  Gurdak, D. J., Arantes, C. C., Castello, L., Stewart, D. J., & Watson, L.C. (accepted). Evidence 
of recoveries from tropical floodplain fisheries: three examples of management gains for South 
American giant arapaima. In C. Krueger, W. Taylor, and S. Youn, editors. From Catastrophe to 
Recovery: Stories of Fish Management Success. American Fisheries Society, Bethesda, MD. 
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principles needed for the sustainable governance of common property natural resources in 
situations without and with active management: 1) defined boundaries, 2) congruence between 
appropriation and provision rules and local conditions, 3) collective action arrangement, 4) 
monitoring, 5) graduated sanctioning, 6) conflict resolution mechanism, 7) minimum recognition 
and right to organize, and 8) nested enterprises. For each region, we examined how management 
was implemented and identified current and ongoing challenges. Based on our experience with 
these fisheries, we offer some lessons that can be instrumental for arapaima management and 
other inland fisheries: manage even when faced with uncertainties; monitor, evaluate, and adapt 
management efforts; bridge knowledge systems; foster genuine interest and cooperation of 
various stakeholders to ensure long-term success; and move toward an ecosystem-based 
approach. These lessons will be instrumental in overcoming management challenges in the future 
and could be applied to other fisheries.  
Key Words: conservation, management, recovery, community-based, Amazon, freshwater, 
evaluation, tropics 
 
Introduction 
Although tropical inland fisheries provide important regional income and food security, 
these fisheries face severe management challenges that are amplified by distinct ecological, 
economic, and political factors that set them apart from their temperate counterparts (Allan et al., 
1995; Pauly et al., 1989). In contrast to traditional, single-species fishery management, which is 
characteristic of northern, temperate latitudes, tropical fisheries generally have multiple fishery 
targets set in extremely biodiverse ecosystems with high biomass and productivity. Tropical 
fisheries are typically in less affluent societies and often are neglected, not only because of their 
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complexity, but also due to limited human and financial resources needed for effective 
governance and enforcement (Pauly et al., 1989). As a result, inland tropical fisheries are often 
data poor, such that standard fishery management assessments cannot be performed (Allan et al., 
1995; Pauly et al., 1989). In general, tropical fisheries have some commercial orientation but 
typically include a substantial emphasis on small-scale, artisanal subsistence fishing. Tropical 
fishers are often among the world’s poorest and most marginalized peoples and depend on 
fishing as an essential source of income and food (Pauly, 1997). Monitoring and enforcement is 
extremely difficult because these fishers use a variety of gears, fishing is spatially and temporally 
dispersed, and government resources are limited. As a result of these distinctions, many tropical 
fisheries are essentially unregulated and virtually “open-access,” leading to overfishing and 
tragic fish population declines that threaten the livelihoods of local peoples.  
When facing these challenges, an optimistic future for many tropical fisheries is difficult 
to envision. Can tropical fishery management stabilize declining fish populations or even 
promote population recovery? Is there any possibility for management “success”? Although 
management challenges appear overwhelming, success can be achieved and some examples in 
tropical fishery management do exist. Here, we investigate three case studies that promoted 
sustainability and management of the South American arapaima (genus Arapaima), the 
continent’s most valued and overexploited fishery resource (Castello et al., 2011; Fernandes, 
2005; Isaac et al., 1993; Veríssimo, 1895). 
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Figure 1. Arapaima (genus Arapaima) are large, valuable food fish that are an important part of 
local and regional economies. (a) A day’s harvest of legal-sized arapaima at Jarauá Community 
in the Mamirauá Sustainable Development Reserve, Amazon State, Brazil (photo by CCA). (b) 
Fisherman carrying ~145 kg arapaima in the Pacaya Samiria National Reserve, Peru (photo by 
DJS). 
 
 Arapaima possess unique bioecological features and substantial economic, nutritional, 
and cultural importance that make them an ideal target for management attention. The arapaima 
are among the largest fishes of South America, growing to 3 m in length and 200 kg in weight 
(Arantes et al., 2010; Figure 1) and, depending on region, are commonly called “arapaima,” 
“paiche,” or “pirarucu.” Although five described species exist in the genus Arapaima (Stewart, 
2013a,b), the group faces incredible data shortfalls that make species identification and 
distributions uncertain (see Linnean and Wallacean shortfalls in Bini et al., 2006). Arapaima 
naturally occur in river floodplains across two major basins (Amazon and Essequibo), five 
countries (Brazil, Columbia, Peru, Ecuador, and Guyana), and a variety of freshwater wetlands, 
eco-regions, and habitat types. Arapaima comprise an ecologically unique group of fishes that 
build nests, guard young, and must breathe air at regular intervals (Castello, 2008b; Lüling, 
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1964). Arapaima reproduction coincides with rising water levels and their life histories are 
synced with the pulse of rising and falling water on the floodplain (see Chapter 1, Figure 1). 
They can grow to almost 1 m total length (TL) in one year and reproduce between 3 to 5 years of 
age after growing to about 1.5 m (e.g., Arantes et al., 2010; Fontenelle, 1948; Godinho et al., 
2005; Imbiriba, 1994; Chapter 3). Because their large fillets have good taste and texture without 
many bones, they are extremely valuable as a food fish and an important part of local and 
regional economies (Figure 1). Arapaima meat is extremely common in local dishes and 
restaurants. Arapaima have even captured local, national, and international attention as a cultural 
symbol and as a sport fish through popular television shows, documentaries, and publications 
(e.g., Purnell, 2017). For South American riverine inhabitants, traditional arapaima fishing is 
highly specialized and an important cultural and economic activity (Castello et al., 2009; 
Murrieta, 2001). Although gill nets are being used with increasing frequency, traditional fishers 
use a harpoon or bow-and-arrow to capture arapaima at the moment it surfaces to breathe air, and 
they work from a small canoe or while perched in a tree. Fishers also harvest arapaima using a 
series of baited hooks and lines. 
Deterring overexploitation of arapaima has been difficult to achieve using traditional size 
and season regulations (Castello et al., 2015). As a result of its desirability, arapaima populations 
have become decimated, overfished, and locally extinct in some areas (Castello et al., 2011; 
Castello et al., 2015). Fortunately, continuing and improved arapaima management initiatives, 
implemented by governmental and nongovernmental institutions, are achieving sustainability of 
arapaima fisheries across their range (e.g., Campos-Silva and Peres, 2016; Castello et al., 2009; 
Oviedo and Bursztyn, 2016; Petersen et al., 2016). Many of these management initiatives have 
successfully recovered declining arapaima populations while directly engaging local fishers. In 
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some cases, this success has been evaluated using a framework introduced by Ostrom (1990). 
The framework proposed that people are capable of organizing and self-governing their shared 
resources if a set of criteria, or design principles, are met (Ostrom, 1990; see Table 1). The 
presence of these eight design principles is crucial in achieving sustainable governance of a 
collective resource and have helped evaluate management of fisheries across the globe (e.g. 
Castello et al., 2009; Oviedo and Bursztyn, 2016; Persoon et al., 2003). 
 
 
Implementing arapaima management successfully across its large range has proven 
difficult. As far as we know, no study has compared or evaluated arapaima management 
initiatives across multiple regions. A central question is thus: “How can fishery management 
programs be implemented successfully across a large area that is ecologically, culturally, and 
politically heterogeneous?”. In this chapter, we begin by briefly discussing the history of 
Principle Description
1. Defined boundaries Clear definition exists of both the individuals with rights 
to exploit the resource and the boundaries of the resource.
2. Congruence between 
appropriation and provision rules 
and local conditions
Appropriation rules are related adequately to ecological 
and socioeconomic conditions and to provision rules.
3. Collective action arrangement Individuals affected by the rules can participate in 
modifying the rules.
4. Monitoring The monitors auditing the resource and the behavior of 
appropriators are accountable to the appropriators or are 
the appropriators.
5. Graduated sanctioning Appropriators who violate the rules are likely to be 
assessed graduated sanctions, depending on the 
seriousness and context of the offenses.
6. Conflict resolution mechanism Appropriators and officials have rapid access to low-cost 
arenas to resolve conflict.
7. Minimum recognition and right to 
organize
The rights of appropriators to devise their own institutions 
are not challenged by external government authorities.
8. Nested enterprises Appropriation, provision, monitoring, enforcement, 
conflict resolution, and governance activities are organized 
in multiple layers  of nested enterprises.
Table 1.  Ostrom’s (1990) eight institutional design principles for sustainable governance of 
common property resources (adapted from Castello et al. 2009).
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arapaima fishing, the difficulties of early management efforts, and showcase a promising co-
management approach involving local residents. We then evaluate the implementation of this 
developing co-management approach across three regions: 1) Mamirauá Sustainable 
Development Reserve, Amazonas State, Brazil; 2) Santarém region, Pará State, Brazil; and 3) 
North Rupununi, Guyana. For each region, we examined how fishery management programs 
were implemented, evaluated management efforts in light of Ostrom’s (1990) eight sustainable 
governance design principles of common property natural resources (see Table 1), and identified 
current and ongoing challenges. Lastly, we compiled lessons learned based on factors that either 
promoted success or contributed to ongoing challenges. These lessons will be instrumental in 
overcoming management challenges in the future and could be applied to other fisheries. 
 
History of Arapaima Fishing 
The history of arapaima fishing is shaped by unique socioeconomic and environmental 
variables that span a huge range with various governmental, social, and ecological boundaries 
(e.g., countries, states, municipalities), cultural areas, ecological regions, and a variety of flood 
pulse patterns. The history of arapaima fishing dates back to the pre-Columbian era when many 
South American rivers and river floodplains supported civilizations of high population densities 
with fertile soils and abundant food fish, other aquatic vertebrates, and various natural resources 
(Denevan, 1966; Meggers, 1971; Roosevelt, 1989). The rich South American fish diversity, 
sustained by diverse habitats formed by cyclical flooding, provided a reliable supply of 
nourishment for local populations.  
Undoubtedly, arapaima was one amongst many food resources for early South American 
peoples. For example, at the mouth of the Amazon River in Brazil, arapaima bones have been 
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found in archeological sites, albeit in lower density than would be expected compared to other 
fishes (Roosevelt, 1991). It is likely, however, that large, adult arapaima were difficult to capture 
using pre-iron age tools. In addition, possibly as a result of their difficulty to capture, some 
cultures limited the consumption of arapaima to sporadic and ritualistic use (Murrieta, 2001). 
Even into the 20th century, arapaima fishing was deterred in traditional fishing communities of 
the Rupununi River basin of Guyana because arapaima were either considered taboo or revered 
as the “Mother of all Fishes” (Fernandes, 2005; Watson et al., 2016). 
During the colonial period, fishes of South American waterways became an important 
source of economic activity and sustenance for a growing human population (Cleary, 2001; 
Queiroz, 1999; Veríssimo, 1895). Early European explorers observed high fish consumption 
among native peoples and marveled at the amazing diversity of fishes and other aquatic fauna 
(Papavero et al., 2000). Although predominantly a subsistence activity, fisheries were important 
to regional economies and provided rural and urban populations with protein (Crampton et al., 
2004). Fishing was concentrated in the most accessible areas in freshwaters close to the Atlantic 
coast and in areas near growing urban centers. Before refrigeration, commercial fisheries 
preserved fishes by drying and salting. The large size, firm texture, and few bones of arapaima 
made it ideal for this type of preservation, making it among the most consumed and 
commercialized fishes. Arapaima was even likened to another important commercial fish, often 
being referred to as the “freshwater cod.” Salted arapaima became a mainstay of the urban poor 
and a universal item in local and urban markets (McGrath et al., 1993). Salted arapaima was an 
important source of nutrition that supported various extractive cycles of natural resources such as 
rubber tapping and Brazil nut collection (e.g. Goulding, 1983; McGrath, 1986, 1989; Smith, 
1981).  
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Early South American fisheries were a seasonal activity that supplied dried salted fish to 
frontier settlements (Goulding 1983; McGrath et al., 2015; Smith, 1985). Starting in the middle 
of the 20th century, the increasing availability of technological advances, such as motor powered 
boats, ice, and synthetic fibers to make gillnets, resulted in increased fishing pressures (Castro 
and McGrath, 2003). The broad availability of iced, fresh fish created increasing demand and 
further exploitation of already moderately exploited fishery resources (e.g., McGrath et al., 
1993). As a result, South American fisheries became a year-round activity that supplied urban 
and export markets with fresh, iced fish (Goulding, 1983; McGrath et al., 2015; Smith, 1985). As 
a result, fisheries, including the arapaima, began showing classic signs of overexploitation, such 
as decreases in landings and sizes of harvested fish (Isaac et al., 1993; Martinelli and Petrere, 
1999). As arapaima population densities declined due to overexploitation, fishing activities 
moved to more distant and remote regions. For example, cultural reverence for arapaima in 
Guyana largely deterred commercial fishing activities until foreign entrepreneurs opened a 
market for Guyanese arapaima in Brazil in the 1960s (Watson et al., 2016). Today, with 
increasing interest in opening an international markets, arapaima are harvested across their entire 
range and there are growing efforts to promote their aquaculture. 
 
Management: Challenges of Early Efforts 
Due to declines of arapaima fisheries by the middle of the 20th century, these fishes 
became some of the first targets for recovery efforts by management agencies (Isaac et al., 1993). 
These efforts began with government regulations regarding arapaima harvest. Worried about 
declining arapaima fisheries in neighboring Brazil, the Guyanese national government banned all 
arapaima harvest by passing the “Fisheries Act” in 1952 (Fernandes, 2005). The environmental 
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agency of the Brazilian national government (IBAMA) first established a minimum harvest size 
of 1.5 m total length in 1986 and then, in 1991, a seasonal closure for arapaima harvest from 
December–May (Castello and Stewart, 2010; Isaac et al., 1993; Viana et al., 2004). Some 
Brazilian states even declared total moratoria on arapaima harvest, like Amazonas (in 1996) and 
Acre (in 2008) (Castello et al., 2009; Castello and Stewart, 2010). 
Unfortunately, regulating arapaima fisheries proved nearly impossible due not only to 
temporal and geographic dispersion of arapaima catch but also a lack of urban market controls 
(Bayley and Petrere, 1989; Castello et al., 2011). South American fisheries involve the harvest of 
many species captured during various seasons and fishing activity is spread across an enormous 
area. Limited human and financial resources for enforcement resulted in widespread illegal trade 
of fish and noncompliance of harvest regulations (Bayley and Petrere, 1989; Viana et al., 2004). 
By the late 1980’s, the commercial fishery in Guyana collapsed despite a moratorium on 
arapaima fishing, and unregulated arapaima harvest continued with a large focus on subsistence 
(Fernandes, 2005). Various Brazilian states, such as Acre and Amazonas, experimented with 
complete closures of the arapaima fishery but illegal fishing continued as a result of limited 
monitoring and enforcement (Castello et al., 2009; Oviedo and Bursztyn, 2016; Viana et al., 
2004). In each case, the failure of these regulatory approaches resulted in virtually open access, 
non-regulated fishing for subsistence or commercial gain. Illegal arapaima captured undersized 
or out of season could, and still can, be readily found in most urban markets. 
The arapaima fishery is increasingly thought to be severely overexploited across most of 
its range (Castello et al., 2015; Isaac et al. 1993; Martinelli and Petrere, 1999). Arapaima 
population numbers across their range have plummeted to 13% of historic abundance (Castello et 
al., 2011) and illegal arapaima fishing is extremely common. Recent evaluations of harvest 
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showed that two-thirds of the arapaima harvested from lower Amazon fishing communities was 
illegal, with fish captured below minimum size or during seasonal closure (Cavole et al., 2015; 
Chapter 3). In addition, catch surveys from the Araguaia River basin showed limited compliance 
with fishing gear restrictions, such as prohibiting gillnets (Kirsten et al., 2012). As a result, 
arapaima populations continue to be decimated by overfishing, leading to localized extinctions 
(Castello et al., 2015). 
 
Management: A Promising Approach at a Small-Scale 
The failure of early fishery management efforts (i.e., regulations established by state and 
federal governments) emphasized the need for alternative approaches to manage aquatic 
resources like the arapaima. Beginning in the 1970s and 1980s, grassroots movements in the 
Brazilian Amazon led to the development of community management systems and subsequent 
federal and state fisheries management policies to control commercial fishing pressure in 
floodplain lake fisheries (see McGrath et al. (2015) for a more detailed history). Initially 
considered illegal by the Brazilian government, the multi-decade development of co-
management institutions and legislation ultimately involved varying inputs from floodplain 
communities, government management agencies, local nongovernment organizations (e.g. 
NGO’s), and national and international donors (McGrath and Castello, 2015; McGrath et al., 
2015). Due to increasing pressures on floodplain lake fish populations and the absence of 
government enforcement, fisheries conflicts erupted throughout the Amazon basin as 
communities began to organize to prevent commercial fishers from entering their lakes 
(Chapman, 1989; Hartmann, 1989). These isolated efforts grew into regional grass-roots 
organizations that contributed to the development of governmental policies to manage floodplain 
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resources in Brazil (McGrath et al., 2015). Specifically, in the 1980s and early 1990s, growing 
pressure on federal environmental agencies responsible for fisheries management in Brazil (i.e. 
IBAMA) led to the negotiation of collective agreements to regulate fisheries in floodplain 
communities and increasingly sought government recognition and support for enforcement 
(McGrath et al., 1993). By the early 2000s, Brazil’s federal co-management policy was 
operational through IBAMA and consisted of various legally recognized community fishing 
agreements across several states (McGrath et al., 2015). Unfortunately, after the Brazilian 
government restructured its fisheries sector in 2002, the further development of federal co-
management policies for artisanal fisheries was stalled (McGrath et al., 2015). Instead, individual 
Brazilian states began to develop fisheries regulations based on federal legislation but the degree 
and nature of support varied. This has led to varying implementations of and outcomes for 
Brazilian fisheries management policies from state to state (McGrath et al., 2015; also see 
below). 
Although not the focus of these co-management efforts, the important and overexploited 
arapaima fishery was among the fisheries to benefit from this management approach. In addition, 
the management of arapaima is the best example of community management systems in South 
America (McGrath et al., 2015). The agreements shared basic components: identifying the user 
group, delineating a management area, and establishing rules for resource use and enforcement 
(Castro and McGrath, 2003). The rules for fishing activities incorporated existing regulations, 
such as size and season restrictions, and imposed additional fishing gear, season, and area 
restrictions. For example, Brazilian seasonal closures protect fishes during reproductive activities 
that coincide with high-water levels while, in contrast, many fishing agreements limit fishing 
activity in the low-water season when lake fishes are isolated and susceptible to harvest (Castro 
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and McGrath, 2003). Agreements also included rules for monitoring, usually through 
surveillance, and enforcement to limit prohibited fishing by local residents and outsiders (Castro 
and McGrath, 2003). The overall management goals of arapaima co-management systems have 
been to allow local stakeholders to: rebuild fishery stocks, improve livelihoods, increase food 
security, and conserve the ecosystems they depend on. 
The techniques for effective co-management of arapaima were enhanced at the Mamirauá 
Sustainable Development Reserve, where the Mamirauá Institute has pioneered floodplain 
fisheries management and research activities since the 1990’s (Figure 2b). Based on the 
ecological knowledge of expert arapaima fishers, a replicable approach for estimating arapaima 
populations through counting was introduced (Castello, 2004). This method took advantage of 
the arapaima’s unique physiology as an obligate air breather to count the number of arapaima 
coming up to breathe during a set interval of time. This technique for estimating arapaima 
populations has proven to be cost effective and accurate while involving local fishers, thus 
creating ownership of, and trust in, the data collected (Castello, 2004). The approach has allowed 
for replication and the direct assessment of arapaima stocks while providing a method for 
adaptive management of a floodplain lake fishery (McGrath et al., 2015). Based on annual 
population assessments, a management plan with specific harvest quotas can be developed 
(McGrath et al., 2015). Estimates suggest that up to about 30% of adult arapaima can be 
harvested annually without a detriment to the reproductive stock (Castello et al., 2011). In areas 
where arapaima harvest has been banned (e.g., Guyana, Brazilian states of Acre and Amazonas), 
harvest exceptions are being granted when management schemes have been implemented. In 
many cases, effectively implemented arapaima co-management schemes demonstrated the 
 92 
institutional design principles needed for sustainable governance of common property resources 
like arapaima (Castello et al., 2009; Oviedo and Bursztyn, 2016). 
 
Management: Successes and Challenges  
Arapaima management has been successfully implemented in several geographically 
dispersed areas across South America (Figure 2). Here, we selected three cases and examined 
how management was implemented, evaluated management efforts in light of Ostrom’s (1990) 
eight principles (Table 1), and identified ongoing challenges. 
 
 
Figure 2. Despite drastic population declines, successful arapaima management has been 
implemented at various sites: (a) Lower Amazon, Pará State, Brazil (McGrath et al. 1993), (b) 
Mamirauá Sustainable Development Reserve, Solimões River, Amazonas State, Brazil (Castello 
et al. 2009), (c) Lower Purus River (including Piagaçu-Purus Sustainable Development Reserve), 
Amazonas State, Brazil (Petersen et al. 2016), (d) Tapauá River, Amazonas State, Brazil 
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(Petersen et al. 2016), (e) Middle Juruá River, Amazonas State (Campos-Silva et al. 2016), (f) 
Upper Purus River, Manuel Urbano, Acre State, Brazil (Oviedo and Bursztyn 2016), (g) Envira 
River, Fiejo, Acre State, Brazil (Oviedo and Bursztyn 2016), and (h) Essequibo River drainage, 
Guyana. 
 
Mamirauá Sustainable Development Reserve, Amazon State, Brazil  
The Mamirauá Sustainable Development Reserve was established in the 1990’s to 
promote biodiversity protection through participatory resource management (Figure 2b; Castello 
et al., 2009). The reserve was stratified into two zones: “sustainable use” where regulated and 
sustainable exploitation of resources was allowed, and “preservation” where no natural resources 
use was allowed (Castello et al., 2009). Initial attempts to regulate arapaima harvest were 
ineffective and illegal fishing was undeterred. In the early 1990’s, less than 30% of harvest met 
the legal size limit, and arapaima were harvested irrespective of season restrictions (Viana et al., 
2004). The Mamirauá Institute was founded in the late 1990’s to improve sustainable use of 
natural resources and people’s livelihoods and operates under the supervision of the Brazilian 
federal government (i.e. the Brazilian Ministry of Science, Technology, Innovation and 
Communication; Castello et al., 2009). In hopes of improving sustainable practices, a 
management plan was implemented for the Reserve in 1996 (Castello et al., 2009). Despite a 
statewide ban on arapaima fisheries, harvest exceptions were negotiated for those communities 
in cooperation with government officials (Castello et al., 2009). After eight years, success at 
Mamirauá was observed in: arapaima populations increased 9-fold with a 23-fold increase in the 
adult population, harvest quotas increased 10-fold, the number of fishers participating in the 
management efforts more than doubled, and per capita income of fishers involved increased 8-
fold (Castello et al., 2009). By 2005, arapaima management efforts of the Mamirauá Institute, 
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had expanded to 15 other communities and even to fisher’s organizations outside of the reserve 
(Castello et al., 2009). 
Mamirauá Sustainable Development Reserve presents a unique case of sustainable 
fishery management. In addition to being located in a productive and pristine floodplain system 
with ecological features that favor arapaima production (Arantes et al., 2013), the Mamirauá 
Institute provided communities on the Reserve with opportunities to implement management 
actions needed for sustainable governance of natural resources like the arapaima (Castello et al., 
2009; Table 2). First, management areas were located inside a protected area with well-defined 
boundaries, resource uses, and users. In addition, fishers largely complied with established 
management regulations, and arapaima populations showed a remarkable increase in abundance 
(Castello et al., 2009). With support from the Institute, fishing communities have increasingly 
been involved and participated in collectively modifying rules that affected their fishing 
practices, particularly through regular meetings. These meetings, with participation from the 
Institute, also provided mechanisms for conflict resolution. Communities were allowed to 
organize and implement programs with support from external institutions and governmental 
authorities that provided for legal permits to harvest arapaima. In addition, the resource was 
evaluated by the users themselves; arapaima counts were conducted by fishers, some of whom 
were instrumental in developing this technique that has become a critical assessment tool of 
arapaima management (see Castello, 2004). The principal mechanism for enforcement and 
sanctioning of rule offenders on the Reserve was accomplished by volunteer environmental 
agents, called “Agentes Ambientais Voluntarios” (AAV), who are local residents trained and 
authorized by governmental agencies and receive logistical support from the Institute for 
enforcement activities. In most cases, rule violators can be sanctioned by reducing their fishing 
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quotas and punished by confiscating or destroying gear and boats, but often the application of 
these tactics has been weak. Ultimately, the success of management and governance in 
Mamirauá is accomplished due to effective layers of nested enterprises (i.e., communities, 
Mamirauá Institute, IBAMA) resulting in coordinated management, monitoring, enforcement, 
conflict resolution, and governance activities. 
 
 It is important to recognize that arapaima management efforts at the Mamirauá 
Sustainable Development Reserve were nested in a favorable political climate that fostered the 
development of effective fisheries co-management efforts throughout the entire state (see 
McGrath et al., 2015). Although developed later than in other states (i.e. compared to Pará, see 
below), Amazonas has made a significant commitment to fisheries co-management policies and 
has implemented legislation that includes procedures for legal recognition, monitoring and 
enforcement (McGrath et al., 2015). In Amazonas, grassroots efforts had a major influence on 
policy development with the state division of IBAMA, the federal environmental agency, playing 
Ostrom's Design Principles   Before Management   After Management
1. Defined boundaries Present: zoning system. Present: as before.
2. Congruence between 
appropriation and provision 
rules and local conditions
Absent: size limit and closed season 
violated.
Present: fishers followed management 
rules and arapaima populations grew.
3. Collective action 
arrangement
Present: opportunities existed for 
individuals to participate.
Present: as before with increased 
participation.
4. Monitoring Absent: fishers were appropriators but 
underreported illegal catch, undermining 
monitoring system.
Present: counts of arapaima were made 
by the fishers themselves.
5. Graduated sanctioning Absent: illegal fishing widespread 
among community fishers.
Present but weak: sanctioning done by 
reducing fishing quota and/or gear 
confiscation.
6. Conflict resolution 
mechanism
Present: regular meetings were attended. Present: as before.
7. Minimum recognition and 
right to organize
Absent: fishing of arapaima banned. Present: scheme provided legal permit to 
harvest arapaima.
8. Nested enterprises Present: three-layered scheme with 
communities, Mamirauá Institute, and 
IBAMA.
Present: as before.
Table 2. Evaluation of arapaima management in Mamirauá Sustainable Development Reserve, in the Central 
Amazon, Amazonas State, Brazil, using Ostrom’s (1990; see Table 1) eight sustainable governance design 
principles (adapted from Castello et al. 2009).
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a lead role in developing policies and institutional arrangements for fisheries co-management 
(McGrath et al., 2015). In addition, fisheries and co-management policy was influenced by the 
state’s reserve-based approach to environmental management and sustainable development 
(McGrath et al., 2015). With further support from state government and non-government 
institutions, comprehensive legislation for statewide fisheries co-management policy was 
approved, including procedures and criteria for legal recognition, monitoring, and enforcement 
of collective fishing agreements (McGrath et al., 2015). This favorable climate toward collective 
fisheries agreements allowed the arapaima management system to develop at Mamirauá and 
provided a framework for sustainable community-based arapaima management initiative across 
the state. Starting in 2004, the state division of IBAMA implemented regulations based on this 
framework, allowing community groups to submit management proposals based on arapaima 
population assessments and receive approval for specific harvest quotas (McGrath et al., 2015). 
To protect chain-of-custody of managed arapaima, IBAMA provides tags and transport 
documents to prevent illegal fish from entering the market (McGrath et al., 2015). Harvested 
arapaima are not filleted, although viscera may be removed, so that total lengths can be 
confirmed as fish enter markets. 
Although management efforts at the Mamirauá Reserve have been successful, several 
challenges to long-term sustainability remain. To begin with, existing rules and regulations must 
be validated through research and adjusted when necessary. For example, although minimum 
size of capture of arapaima is set to 1.5 m and populations have increased based on this 
regulation, the size at first reproduction (and a more ideal minimum size of capture) has been 
shown to be at least 1.57 m, 7 cm larger than current regulations (Arantes et al., 2010). As a 
result, a higher minimum size of capture may be more appropriate to achieve higher sustainable 
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yields from arapaima fisheries on the Reserve. In addition, despite the presence of regulatory and 
enforcement mechanisms, illegal fishing continues, in part, because too few volunteer agents 
have been available to monitor the managed area. In addition, due to the high socio-economic 
costs of enforcement activities, not all communities have been able to effectively deter illegal 
fishing through monitoring and sanctioning of rule offenders (Castello et al., 2009). Illegal 
fishing inside and outside the Reserve supplies local markets with illegal fish, which generates 
unfair competition with the managed, legally harvested fish. In some communities, arapaima 
counts can be inaccurate if performed by inexperienced fishers or even intentionally manipulated 
to inflate harvest quotas (Arantes et al., 2007; Andrade et al., 2011). Mechanisms to assure 
quality control of counts have been developed but are not always implemented because they 
require sufficient technical support and monitoring (Andrade et al., 2011; Arantes et al., 2007). 
Maintaining the financial and human resources of the Mamirauá Institute is essential to support 
ongoing initiatives and address demands for training and support. Lastly, despite the state’s 
commitments to co-management efforts and the regulatory systems it has implemented, 
government management institutions in Amazonas remain fragile, albeit functional, and the 
states struggle with limited capacity to meet the regulatory and research needs (McGrath et al., 
2015). 
 
Lower Amazon, Pará State, Brazil 
In the Lower Amazon, near the city of Santarém, floodplain inhabitants live in 
geographically dispersed communities that are outside formally protected areas or reserves 
(Figure 2a). As in the state of Amazonas (see above), arapaima co-management in Pará evolved 
from grassroots fisheries efforts initiated at the community level (Castro and McGrath 2003; 
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McGrath et al., 1993). The Iara Project, based in Santarém, was initiated in the 1990’s by the 
Brazilian Federal Environmental Agency (IBAMA) through a joint effort between IBAMA and 
the German Government Consultancy Firm, GTZ, to lead the development of fisheries co-
management policy in Pará State (McGrath et al., 2015). This effort involved two interrelated 
phases to first regulate fishing and then implement a comprehensive land tenure system 
(McGrath et al., 2015). First, community fishing agreements, also referred to as fishing accords, 
were implemented and achieved recognition from the federal government (i.e. IBAMA) (Castro 
and McGrath, 2003; McGrath et al., 1993). Based on IBAMA’s policies of the 1990’s, Pará state 
further developed co-management policy by passing legislation in 2005, followed by slight 
revisions in 2007 (McGrath et al., 1993). In contrast to the situation in Amazonas, however, local 
government institutions at the state and municipal levels in Pará did not play a significant role in 
implementing legislation and provided little recognition or support for existing fishing 
agreements (McGrath et al., 2015). In an effort to revise and improve the policies and 
institutional arrangements for co-management, the second phase involved the implementation of 
a land tenure system that recognized individual and collective rights of floodplain resources 
(McGrath et al., 2015). Known as “Agro-extractivist Settlement Projects” or PAEs, the system 
proposes that land in the várzea is owned by the federal government and communities are 
granted settlement concessions in exchange for the commitment to sustainably manage natural 
resources in their respective areas (McGrath et al., 2008). In addition, the system provided 
formal recognition of local rules and organizations, and opportunities for organizing governance 
activities in multiple layers of nested enterprises (McGrath et al., 2008). Unfortunately, the 
realization of the PAE system came as the federal government lost interest in fisheries co-
management policy (McGrath et al., 2015). In addition, no government institution, federal or 
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state, was appointed or assumed the responsibility for enforcing management plans. Due to these 
shortfalls, the PAE system, while sound, may never achieve full legalization and functionality. 
Despite active and ongoing arapaima management efforts in the Santarém region based on the 
model developed in Mamirauá, these efforts are impeded by lacking government and 
institutional support. In contrast to Amazonas, the state of Pará has not implemented substantial 
efforts to limit illegal exploitation of arapaima nor to develop or enforce effective regulations. As 
a result, managed arapaima from a few sustainable fisheries competes with illegal and 
unmanaged arapaima.  
The majority of communities in the region have no real management and, as a result, 
arapaima populations are extremely depleted and in some cases locally extinct (Castello et al., 
2015; Table 3). Although most communities in the region are zoned under the PAE system, 
conflicts exist regarding specific lakes and rights to use along boundary zones. The compliance 
with size, season, and gear regulations is non-existent and much of the fishery is essentially open 
access. Most communities have semi-regular meetings with varying levels of organization and 
capacity. Often, rules outlined in fishing agreements have little meaning because of widespread 
non-compliance. Meetings usually have limited effectiveness in terms of conflict resolution and 
can even make conflicts worse. Counts of arapaima are not regularly conducted (e.g., Castello et 
al., 2015) or have never been conducted. Rule violators are not sanctioned (and, as a result, seem 
to have no fear of alleged sanctions). Community rules and regulations are provided formal 
recognition via the PAE system; however, even where rules exist, noncompliance with 
regulations is rampant. Although the PAE system is designed to involve nested enterprises, 
communities are largely autonomous and receive some input from local NGO's and a 
fishermen’s union but limited government involvement.  
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Despite these grim generalizations, a few exceptions exist where arapaima management 
has been successful. About 25% of communities were minimally engaged in arapaima 
management efforts (Castello et al., 2015). Communities with management and comparable 
habitat productivity had arapaima densities that were on average two orders of magnitude higher 
when compared to communities without management (Castello et al., 2015). Although the 
implementation of arapaima management falls along a gradient of efficacy, the iconic example of 
successful fishery management for the region is the community of Ilha de São Miguel (e.g., 
McGrath et al., 1993). Here, use of gillnets and seines has been banned for nearly three decades 
and only a handful of fish taxa are commercialized, one being the arapaima (Castello et al., 2015; 
Ostrom's Design Principles   Without Management   With management                               
(e.g. Ilha do S!o Miguel)
1. Defined boundaries Present: implementation of zoning 
system began in 2006. Weakly observed 
resulting in conflicts  regarding lakes 
and land use.
Present: zoning system. Being a 
floodplain "island", has well-defined 
boundaries.
2. Congruence between 
appropriation and provision 
rules and local conditions
Absent: low compliance with size and 
season regulations.
Somewhat present: low compliance with 
size regulations; strong compliance with 
season regulations.
3. Collective action 
arrangement
Absent or, when present, rules don't 
mean much.
Present: community collectively 
establishes fishing agreements.
4. Monitoring Largely absent: occasional monitoring 
efforts conducted with support from 
NGO.
Somewhat present: counts of arapaima 
encouraged by local NGO and 
conducted semi regularly.
5. Graduated sanctioning Largely absent: absent or, when present, 
very weak.
Present: depending on severity, rule 
violators can be prohibited from fishing 
or even expelled. Gear can be 
confiscated or destroyed.
6. Conflict resolution 
mechanism
Weak: meetings are attended semi 
regularly but are often an ineffective 
platform for conflict resolution.
Present: regular meetings were attended.
7. Minimum recognition and 
right to organize
Present but weak: rules and regulations 
were offered formal recognition.
Present: rules and regulations were 
offered formal recognition.
8. Nested enterprises Present but weak: Despite scheme 
present, limited government input in the 
region leaves communities largely 
autonomous. 
Somewhat present: community is largely 
autonomous and increasingly insular 
with some uncoordinated inputs from 
local NGOs, fishermen's unions, and 
governments.
Table 3. Evaluation of arapaima management in the Lower Amazon, Pará State, Brazil, using Ostrom’s (1990; see 
Table 1) eight sustainable governance design principles.
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McGrath et al., 1993). Although banning gillnets may negatively affect food and income 
security, arapaima density and multispecies catch per unit effort at Ilha de São Miguel are 
actually higher than anywhere else in the region (Castello et al., 2011; 2013; 2015). In addition, 
this community shows many of Ostrom’s (1990) principles (Table 3). First, the community is 
zoned under the PAE system and being a floodplain "island", the area has clearly defined 
boundaries. Although arapaima density in the community is high, low compliance exists with the 
minimum size of capture regulation, but strong compliance occurs with season and gear 
regulations. The community has regular meetings to collectively establish fishing agreements 
and resolve conflict. Although counts of arapaima occur semi-regularly, encouraged by local 
NGO support, quotas are never established and harvest is primarily limited by gear restrictions. 
Arapaima are captured using traditional harpoon methods and occasionally by a series of baited 
hook and lines tied to a stake or tree. Depending on severity of offense, rule violators from 
within the community can be banned from fishing or even expelled from the community. 
Unfortunately, the community has a difficult time punishing rule violators from other 
communities or nearby urban areas. The community allocates substantial resources for 
surveillance, regularly patrolling community lakes. Most commonly, the community confiscates, 
and sometimes destroys, fishing gear of rule violators, even of those from outside the 
community. Overlooking legal considerations related to punishing violators, community rules 
and regulations are commonly recognized by local institutions and recognized as satisfactory de 
facto if not technically de jure management systems. However, nested enterprises within the 
community remain limited and the community is largely autonomous and increasingly insular, 
with some uncoordinated inputs from local NGOs, fishermen’s unions, and the government. 
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Despite some success, developing arapaima management in the Lower Amazon is a 
challenge. Currently, nearly 75% of communities in the region do not follow any management 
rules for arapaima harvest (Castello et al., 2015). The few communities that engage in a fishing 
agreement, such as Ilha de São Miguel, represent exceptions to the relatively low levels of 
governance in the region. The majority of communities have not overcome the challenges of 
implementing arapaima management and, in particular, lack effective systems for monitoring 
and enforcing rule offenders. Overall estimates suggest that two thirds of arapaima harvest in the 
Lower Amazon is illegal, being captured either below minimum size limits or during seasonal 
closures (Cavole et al., 2015; Chapter 3). Even communities with management lack compliance 
with certain regulations, principally with minimum size of capture (Cavole et al., 2015). In many 
cases, communities with successful management initiatives have adopted financially and 
physically taxing surveillance regimes, especially in lakes that are more exposed or accessible to 
poachers. In many cases, surveillance is conducted at night by fishers armed with clubs, 
machetes, and firearms. Communities have no legal authority, however, to punish rule offenders, 
and government agencies lack the interest and human and financial resources to implement and 
enforce regulations. To improve management, governance capacity in the region needs to be 
strengthened and mechanisms for enforcing rules and sanctioning rules offenders must be 
implemented. In addition, effective policing and market controls that inhibit illegal arapaima 
from entering the market are needed. Ultimately, assistance and cooperation from the state and 
local government institutions, while currently limited, is essential to ensure the development and 
success of arapaima management initiatives in the region. 
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North Rupununi, Guyana 
 The North Rupununi region, located in the Essequibo River drainage of south-western 
Guyana, is characterized by a mix of savanna and lowland tropical evergreen forests (Figure 2h; 
Lowe-McConnell, 1964). The region is inhabited by 13 communities of primarily indigenous and 
some non-indigenous groups, and contains about 200 lakes known to have arapaima (Castello, 
2002). Despite a federal moratorium on arapaima harvest (established in 1952 through the 
Fisheries Act), rampant illegal arapaima fishing amounted to open access conditions. By 2002, 
regional arapaima populations were severely depleted to < 500 adult individuals, and commercial 
fishing collapsed (Castello, 2002). In 2001, the ban on arapaima fishing in the region was 
reinforced by a local community based organization, the North Rupununi District Development 
Board. In 2002, through the cooperation of local communities, NGO’s, and government 
institutions, efforts were formalized by developing and approving a management plan (Castello, 
2002). Based on the management plan, arapaima in the region collectively belonged to all 13 
communities. Mechanisms for decision-making, management practices, rules, and stakeholder 
participation were included in the plan. By 2007, the community based management plan was 
legally recognized by the Guyanese government and community fishing grounds and fishing 
regulations officially became enforceable. During 13 years of management in the region, local 
communities were empowered to protect arapaima fisheries and arapaima populations increased 
seven-fold (Watson et al., In Prep). 
 Implementation of the management plan allowed for improved governance in the region 
(Table 4), increasing arapaima populations and strengthening local community institutions and 
participation. Before management was implemented, all sustainable governance design 
principles were absent or largely absent. Although implementation of management was variable 
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across communities in the region, the majority of design principles were present and the others 
were somewhat present. The management plan provided a zoning system and rules for resource 
use and graduated sanctioning. Semi-regular meetings are attended but could be more effective 
in resolving conflicts. Arapaima management is accomplished though a nested, three layered 
scheme with input from communities, Iwokrama Centre, and Department of Fisheries.  
 
 
Arapaima harvest, however, has not been allowed by fisheries organizations, and 
management efforts in the North Rupununi continue to face several challenges. First, population 
recoveries have been mixed, principally due to illegal fishing in areas more accessible by roads 
and boat launches (Watson et al., In Prep). In many cases, curbing illegal harvest is difficult for 
local communities because monitoring remote lakes is costly. In addition, enforcement is 
Ostrom's Design Principles   Before Management   After Management
1. Defined boundaries Largely Absent: Only communities with 
land titles had a zoning system.
Present: zoning system but conflicts 
exist with regards to which communities 
have access to what lakes. 
2. Congruence between 
appropriation and provision 
rules and local conditions
Absent: No compliance with ban on 
arapaima fishing. Open access resulted 
in extremely low abundances.
Somewhat present: community members 
follow rules in some areas and 
populations are increasing but low 
compliance in other areas and 
populations are decreasing. 
3. Collective action 
arrangement
Absent. Present: but there is often disagreement 
among communities    
4. Monitoring Mostly Absent: Some communities with 
land titles monitored overall presence 
and absence of arapaima in specific 
lakes.
Somewhat present: semi-regular 
monitoring conducted with financial 
support from various NGO's.
5. Graduated sanctioning Absent: Illegal fishing common among 
communities and outsiders.
Present, but very weak.
6. Conflict resolution 
mechanism
Absent: Although mechanisms were 
present, they were not applied to 
fisheries.
Somewhat present: meetings attended 
but not very effective in resolving 
conflicts.
7. Minimum recognition and 
right to organize
Absent. Present: communities have legal permit 
to harvest arapaima.
8. Nested enterprises Absent. Present: three layered scheme with 
communities, Iwokrama centre, and 
Department of Fisheries.
Table 4. Evaluation of arapaima management in North Rupununi, Guyana, using Ostrom’s (1990; see Table 1) 
eight sustainable governance design principles.
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complicated when close friends and family are involved in violating rules. Second, the current 
arapaima population structure (ratio of juveniles to adults) suggests that poaching of young fish 
is common (Watson et al., In Prep). This is a result of bycatch when using gillnets and targeted 
efforts to catch small, more easily concealed fish. Lastly, conflicts continue among communities 
in the region. For example, some communities have land titles that include arapaima lakes while 
others lack titles for their settlements and surrounding hunting and fishing grounds. Communities 
with land titles have a greater interest to protect and patrol their zones than communities without 
land titles. A further complication is that non-community members can legally fish for other 
species of fishes in arapaima lakes, making monitoring and enforcement difficult. Resentment 
also exists based on geography, with more remote communities claiming limited access to jobs 
compared to more readily accessible communities. These variables together contribute to 
cheating within and among communities and, because arapaima in the region are owned as a 
collective among all 13 communities, a managed harvest has not been agreed upon, except for 
one trial harvest of 100 fish in 2009. Instead, those communities that have been able to protect 
arapaima populations and other natural resources are pursuing ecotourism and catch-release sport 
fishing to generate income in lieu of an arapaima commercial fishery (Purnell, 2017). 
 
Lessons Learned 
Examples of small-scale arapaima management have successfully begun to confront 
some of the unique socio-political and economic challenges associated with managing tropical 
fisheries (Pauly et al., 1989). In fact, the flexibility of the small-scale, co-management initiatives 
of arapaima in lake systems is proven by its implementation across distinct contexts. In large 
part, the model’s success is attributed to the arapaima’s economic and cultural value along with 
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its unique biology. Arapaima are ecologically well suited to small-scale management because 
they are not known to migrate long distances and are predominantly lake-dwelling and lake-
spawning. In addition, arapaima are obligatory air breathers and the ability to estimate their 
population in a lake has been drawn from experienced fishers’ skill to count the number of 
arapaima surfacing to breath (Castello, 2004). The ability to annually estimate arapaima 
populations improved confidence and transparency in arapaima management plans while 
strengthening community capacity for fisheries management (McGrath et al., 2007; McGrath et 
al., 2015). While these details have contributed to the success of arapaima management 
initiatives, these techniques would not work for all fishes. For example, alternative regulatory 
and management techniques are needed for fishes that are not as economically valuable or for 
those that migrate long distances, the latter representing the majority of catch sold in urban 
markets in the Amazon. 
In the cases presented above, arapaima management initiatives improved sustainable 
governance design principles (Table 5). On average, 30 % of eight design principles were present 
in unmanaged situations. In contrast, managed situations presented an average of 75 % of the 
eight deign principles with the remainder being at least somewhat present. It is important to note, 
however, that although the design principles were useful in evaluating arapaima management 
initiatives, there are important distinctions between arapaima management systems and other co-
management systems that are characterized by the governance design principles. In addition, 
other factors not accounted by the designs principles can influence the success of the 
management systems either directly or indirectly (e.g. leadership presence, specific policies, see 
lesson 4 below; Ostrom, 2007). Ultimately, our cases also show that the success, challenges and 
outcomes of arapaima management were not uniform and frequently require unique and context- 
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specific considerations and interventions. Based on our experiences, we identified five specific 
lessons for achieving sustainable harvests for arapaima, which may be applicable to other fishes.  
 
Lesson 1: Manage even when faced with uncertainties but proceed with caution 
Resource management almost always occurs with some degree of uncertainty even 
though reaching scientific certainty and consensus before taking action may be desirable. 
Regardless, management can be effective as long as uncertainty is recognized and risks to 
decision making are accepted (Ludwig et al., 1993). In most cases, resource management in the 
face of uncertainty should be encouraged because suboptimal action is generally preferred to no 
action at all (Johannes, 1998). In the Lower Amazon, early grassroots efforts empowered local 
communities to take control of lake fisheries and recover declining of arapaima populations 
(McGrath et al., 1993). Arapaima management efforts at the Mamirauá Sustainable Development 
Reserve faced incredible uncertainty and, in spite of the lack of information, depleted arapaima 
stocks recovered and set an example for management elsewhere (Castello et al., 2009). These 
pioneering initiatives provided examples for arapaima management that, despite continued 
uncertainties, have successfully been implemented in other regions and have led to recovered 
arapaima populations (Campos-Silva et al., 2016; Oviedo and Bursztyn, 2016; Petersen et al., 
2016).  
For arapaima, the contrast between areas with and without management is best 
exemplified by arapaima population densities in the region of the Lower Amazon (Castello et al., 
2015). The few areas with arapaima populations were the same communities that sought to 
implement management. In contrast, the vast majority of the region had depleted or locally 
extinct arapaima populations as a result of limited or nonexistent management efforts. Still, 
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caution should be taken to avoid actions that could result in increased conflict or resentment 
toward management, thus compromising future conservation efforts. Ultimately, we urge 
continued management efforts because the alternative of no management could be much worse 
for the fish and for the local human communities. 
 
Lesson 2: Monitor, evaluate, and adapt management efforts 
Once management actions are implemented, monitoring and evaluation is essential to 
provide feedback about the effectiveness of the actions in conserving and restoring populations 
(Holland, 2010; Margoluis et al., 2009). Short-term successes should not be expected to persist 
indefinitely and assessments can guide how management should be modified or adapted to better 
suit evolving realities. Understanding both management successes and failures provides valuable 
information to guide future decision-making. In most cases, flexibility and adjustments to 
existing management may be needed due to three reasons described below. 
First, uncertainties or incorrect assumptions in the knowledge base when used to establish 
regulations may limit the effectiveness of ongoing management. By challenging existing 
assumptions, research and assessment can reveal new information that may need to be 
incorporated to adjust existing regulations. For example, the minimum size of capture for 
arapaima is generally 1.5 m, even though research shows that the minimum length at 
reproduction (and therefore a better minimum size of capture) should be larger in some parts of 
the Central and Lower Amazon (~1.7 m) and much larger in Peru (~2 m) (see Chapter 3). 
Second, implementing ineffective management protocols or regulations can lead to 
noncompliance or undesirable outcomes. For example, despite government regulations, the 
majority of arapaima harvests are illegal (e.g. Castello & Stewart, 2010; Cavole et al., 2015; see 
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also Chapter 3). Arapaima co-management has been a successful alternative that has improved 
compliance with harvest regulations. Third, management is complicated by the reality that 
natural systems are dynamic, and at times unpredictable (Johannes, 1998). For arapaima, 
ecological conditions on floodplains are highly variable, and management regulations established 
at one time may not be ideal in the long term. For example, annual flood pulses can lead to age-
structured fish populations that will always respond to manipulations with time lags related to 
generation times. As a result, management must consider changes in vulnerability in response to 
unexpected events and must be capable of being adaptable to changing conditions (Johannes, 
1998). Adaptation will be important as climate change affects freshwater environments and 
threatens Amazonian fishes (Frederico et al., 2016). 
 
Lesson 3: Bridge scientific and underused knowledge systems 
Management depends on applying the best available information to establish harvest 
regulations (Salo et al., 2014). Although information can be drawn from various sources, 
evidence-based approaches generally use scientific evidence drawn from research (dos Santos et 
al., 2015). A growing recognition exists, however, that the complexities of environmental 
management must draw and incorporate knowledge from many sources (Ludwig, 2001). Despite 
their utility and ability to overcome information deficits, alternative knowledge sources such as 
individual experience, qualitative observations, and local or indigenous knowledge are generally 
underused and sometimes ignored. Traditional or local ecological knowledge, for example, is the 
“informal” knowledge held by local inhabitants who use natural ecosystems (Johannes et al., 
2000; Silvano and Valbo-Jørgensen, 2008) and has contributed to managing fisheries around the 
globe (e.g. Brelsford, 2009; Castello, 2004). 
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 Management schemes should consider the use of various knowledge systems and seek to 
create bridges between systems (Berkes et al., 2006). Encouraging information sharing among 
key stakeholder groups is not an easy task, but can create synergies that improve management 
(Berkes et al., 2006). Bridging information systems is especially important when data deficits 
hinder effective management decision making. Bridging knowledge systems has contributed to 
the success of arapaima management (Castello et al., 2009). The knowledge and skills of local 
fishers were used to standardize a method to reliably count arapaima and estimate populations 
(Castello, 2004). This method involves local people and allows them to actively participate in 
resource assessment and subsequent use while creating ownership and trust in the information 
being used for decision making (e.g., Castello et al., 2009). The population counts were essential 
to granting harvest permissions for arapaima in the Central Amazon (Castello et al., 2009). In 
addition, linking government officials and local fishers interested in management efforts allowed 
for continued government support and improved understanding among stakeholders (Castello et 
al., 2009). Local knowledge can be used to identify local ecological differences that help 
optimize regulations and compliance. For example, local knowledge can be used to detect 
distinctive characteristics and highlight unexpected life-histories for a particular fish population 
(e.g. Chapter 3).  
 
Lesson 4: Long-term success depends on the genuine interest and cooperation of government, 
communities, and other stakeholders 
Resource management typically centralizes authority in governments at regional, 
national, or international levels. By definition and design, co-management efforts incorporate the 
active participation of resource users that manage recourses in partnership with government and 
 112 
non-government institutions. This arrangement strengthens people’s participation in governance 
while distributing and decentralizing power (Pomeroy and Berkes, 1997). This integration is 
essential to co-management and community management efforts where management 
responsibilities are shared and organized in multiple tiers, or nested enterprises (Ostrom, 1990; 
Table 1). At a minimum, these nested enterprises consist of the government and the resource 
user. Different implementations of arapaima management have, to varying degrees, connected 
local fishers, various government entities, NGO’s, universities, and/or fisher unions.  
The long-term success of this approach, however, can be hindered if the partners’ 
participation does not represent full and genuine engagement. At its foundation, local resource 
users must be engaged in management discussions and decision-making. For arapaima, 
identifying fishers’ interests was critical to establishing effective management programs 
(Castello et al., 2009). The genuine participation of local fishers was essential for arapaima 
management because harvest and surveillance was in their control, with limited or non-existent 
outside enforcement of regulations (Castello et al., 2009). Strong community leadership was 
critical to ensuring local compliance with management rules.  
Government interest and action is vital in creating favorable conditions that allow 
communities to sustainably co-manage fisheries (McGrath et al., 2015). Specifically, this 
requires genuine government regulation and collaboration with fishers and fisheries industries 
(McGrath et al., 2015; Pomeroy and Berkes, 1997). The role of federal and state governments is 
exemplified by the outcomes of arapaima management efforts in the Brazilian States of 
Amazonas and Pará (see above; see also McGrath et al., 2015). In both states, similar legislation 
for co-managing floodplain fisheries evolved from grassroots efforts that supported community-
based management (McGrath et al., 2015). However, varying support from local and federal 
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governments resulted in two different outcomes. Amazonas State was able to implement a 
comprehensive management system because government agencies had the interest and political 
support to develop sustainably managed fisheries (McGrath et al., 2015). For arapaima, this 
meant implementing monitoring and enforcement of regulations and agreements that limited 
market access for illegal arapaima and enabled arapaima population recoveries in managed areas 
(Bessa and Lima, 2010). In contrast, Pará was not able to implement effective regulatory systems 
for co-managing fisheries, despite having implemented a legislative framework similar to that of 
Amazonas (McGrath et al., 2015). As a result, communities in Pará that manage arapaima are the 
exception and not the rule and, as is true across most of the Amazon, ineffective fisheries 
management has lead to severely depleted and even locally extinct arapaima populations 
(Castello et al., 2015; McGrath et al., 2015). Arapaima from managed fisheries compete in a 
market saturated with illegal arapaima. In addition, communities that manage arapaima face 
significant external fishing pressure and incur great costs to patrol lakes and deter poaching. 
Although communities have the legal right to manage their fishers (i.e. principle 7- minimum 
recognition and right to organize; Table 1) heavy outside poaching pressure renders this 
recognition insufficient. As a result, integrative nested enterprises with substantial government 
input and collaboration are needed. Developing effective co-management systems requires the 
real, long-term commitment of governments, local fisher organizations, and fisheries industries 
(McGrath et al., 2015). 
 
Lesson 5: Move toward an ecosystem-based approach 
Despite their success, one drawback of arapaima co-management efforts is that they have 
a single-taxon focus. Such approaches mainly target fishing effort and, while simplified and 
 114 
easier to implement (Simberloff, 1998), could ignore maintenance of conditions that allow for 
arapaima populations to persist. Currently, the primary threat to arapaima is overfishing (Castello 
et al., 2013). However, there are four main drivers of freshwater ecosystem degradation that 
could have negative impacts on arapaima populations: deforestation, construction of dams and 
navigable waterways, pollution, and overharvesting (Castello et al., 2013). Like many floodplain 
fishes, the arapaima depends on floodplain habitat and the flood pulse to complete its life cycle. 
As a result, successful long-term arapaima management depends on preserving habitats, 
ecosystems, and the natural processes that sustain arapaima populations. Therefore, ecosystem- 
or catchment-based management strategies can balance human uses and ecosystem integrity (see 
Castello et al., 2013). 
Managing arapaima can serve as a catalyst for expanding fisheries and ecosystem 
management efforts. For example, managing arapaima populations can raise the political will, 
funds, and/or conservation awareness while incorporating management of the ecosystem that 
arapaima depend on. This is because arapaima fulfill surrogacy roles (e.g. as a flagship taxon; 
see Caro, 2010) that promote and enhance community management efforts. In addition, arapaima 
co-management provides an organizational framework to implement ecosystem management 
(McGrath et al., 2007; McGrath and Castello, 2015). The ability to count and monitor arapaima 
to adapt management plans helps to strengthen community organization, and associated training 
and capacity building establishes an adaptive learning culture (McGrath et al., 2007; McGrath 
and Castello, 2015). Based on this organizational framework, communities are well suited to 
build upon arapaima management efforts that include more comprehensive approaches and take 
into account the floodplain lake ecosystem (McGrath and Castello, 2015). As a result, 
communities may be more inclined to modify economic activities that adversely affect 
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productivity of lake systems, such as limiting cattle herds and restricting their movements to 
reduce negative impacts on forest and aquatic macrophyte habitat (McGrath et al., 2007). 
 
Conclusions 
Arapaima are the most iconic fishes of South American floodplain rivers. They are 
economically valued as a food fish because of the highly regarded taste, texture and size of their 
fillets. Arapaima are culturally important and symbolic (e.g. flagship) of tropical South 
American fisheries and floodplain management and conservation. Although arapaima represent a 
small fraction of total fisheries harvest, their management and conservation have profound 
implications for protecting not only their own populations, but also the habitat structure of the 
critical nurseries for most of the commercial fish species in the Amazon. Here, we showed that 
managing arapaima fisheries can be successful and directly benefit the environment and local 
peoples. These experiences could contribute to managing overexploited tropical floodplain 
fisheries elsewhere. Co-management efforts can have positive impacts on fish stocks and the 
participation and income of fishers and fishing communities. We encourage and recognize that 
management must go forward even in data-poor situations but urge that caution and flexibility 
must be built in and adaptability to changing environmental circumstances is essential. Lastly, 
we stress that the future of arapaima, and other floodplain fishes, is linked to the health and 
integrity of floodplain ecosystems, and thus ecosystem-oriented management is critical for 
management of arapaima and other floodplain fisheries.  
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CHAPTER 6 
Concluding Remarks 
 
Arapaima are the most iconic fishes of South American floodplain rivers. They are 
economically valued as a food fish because of the highly regarded taste, texture and size of their 
fillets. Arapaima are culturally important and symbolic (e.g. as a flagship taxon) of tropical 
South American fisheries as well as floodplain management and conservation. Although 
arapaima represent a small fraction of total fisheries harvest across their range, their management 
and conservation has profound implications for protecting not only their own populations, but 
also the habitat structure of the critical nurseries of most of the commercial fish species in the 
Amazon. This dissertation showed that managing arapaima fisheries can be successful and 
directly benefit the environment and local peoples. However, sustaining floodplain fishes, such 
as the arapaima, depends on continued and coordinated research and management efforts.  
This dissertation showed that despite increasing research production for arapaima, 
notable knowledge deficits remained. To address such deficits, a framework was provided to 
develop a need-based, actionable research agenda that can be used to direct research toward 
topics needed for successful conservation and management action. This was particularly 
important given the challenges presented by management of arapaima fisheries and the 
inadequate regulatory mechanisms and rules currently in place. Although arapaima fisheries are 
regulated by a single minimum size of capture, there was considerable variation in nesting 
features and lengths at first maturity, both across the arapaima’s range (e.g. 70 cm interval in TL 
at first maturity) and even among sites within a region (e.g. 30 cm interval in TL at first 
maturity). This showed that sustaining arapaima populations may require locally established 
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regulations. These previously undocumented variations further highlight deficits in our 
knowledge base.  
This work showed that arapaima management at a small scale is facilitated, in part, by its 
migratory behavior. For the first time, this work showed that arapaima exhibit considerable site 
fidelity, moving among various lakes during the flood season but then returning to the lake of 
origin in the following dry season. The ideal size of management units, however, should take 
into account arapaima migrations from multiple lake populations (i.e. a lake network) as they all 
contribute to the reproductive success of a population. Depending on local landscape features, 
effective management units may need to have dimensions of at least 10 km and potentially up to 
25 km. Lastly, this work shows that arapaima management can be successful and must proceed 
despite data deficits. However, addressing data deficits can help justify, support and further 
strengthen management efforts. 
In order to develop an actionable research agenda, this work highlights the need for 
further areas of research. First, there is a need to identify what factors contribute to the 
significant regional differences in life histories among arapaima populations observed. Although 
the need for flooded forests in reproduction and lake fidelity was shown for arapaima, the 
specific habitat needs for arapaima are still not well known. Given the rate of continued 
anthropogenic assaults on floodplain habitats, the habitat needs for fisheries should be included 
in management plans. Lastly, there is an incredible need to address the geographic and 
taxonomic shortfalls of the genus Arapaima and evaluate best practices for possible multi-species 
arapaima fisheries across South America. 
Specifically, this work sets the foundation for continued research of arapaima and 
fisheries research in the Lower Amazon. To begin with, various other data sets were collected 
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during the execution of this work that will be completed in collaboration with students and 
colleagues. Using a digitized database of scales collected from about 500 specimens, the age and 
growth of arapaima will be evaluated to determine if diversity in age and growth patterns 
parallels that found for age at first maturation and nesting features. In addition, there exists a 
database of arapaima stomach samples (n > 250 fishes) together with stable isotope samples from 
arapaima and their likely energy sources in the food web (e.g. primary producers, invertebrates, 
other fishes; total samples > 300). Those samples will allow analyses of trophic interactions and 
ontogenetic changes in diets for arapaima of different size classes and compared amongst 
different study lakes. Based on a database of preserved tissue samples (n > 600; deposited at 
Federal University of Western Pará (UFOPA) and Federal University of Rio de Janeiro (UFRJ)), 
molecular analyses are in progress to evaluate genetic variations among and within sites that 
might contribute to explaining observed variations in life histories. The molecular analyses will 
compliment taxonomic samples collected during dissertation fieldwork, including morphometric 
and meristic measurements for arapaima (n > 60 fishes), most of which were from formalin-
preserved specimens deposited in the icthiological collection of the Brazilian National Museum 
in Rio de Janeiro. In addition, planned future work in arapaima telemetry will incorporate new 
collaborators and initiate new lines of research, while opening possibilities for expanding 
telemetry studies across multiple taxa in the Lower Amazon. The analyses above will continue to 
develop further areas of research as well as contribute to improving conservation and 
management efforts. 
While serving as US Secretary of Defense in 2002, Donald Rumsfeld stated that 
knowledge, or “knowns”, can be classified into three types: 1) “known knowns – there are things 
we know we know,” 2) “known unknowns – that is to say we know there are some things we do 
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not know,” 3) “unknown unknowns – the ones we don't know we don't know.” Although rooted 
in politics, this statement holds true for describing the types of “knowns” in any field. Although 
arapaima are unique in many ways (e.g. biologically, culturally, and economically), the 
experiences with arapaima research and management can help conserve other freshwater fishes 
across the globe by providing an example of how to approach the types of “knowns” described 
above. Based on what was known about arapaima, a management scheme was devised over a 
decade ago and, in spite of knowledge deficits, has been largely successful (see Chapter 5). One 
way to improve management is to provide answers for the known deficits. This involves 
ensuring that decision-making regarding management schemes follows an evidence-based 
approach that integrates the best research evidence with practice. Specifically, this requires 
establishing adequate regulations and using appropriate mechanisms for their implementation. 
Given global growth rates in scientific publications, research prioritization schemes for taxa and 
their environments can focus research efforts to improve conservation and management (see 
Chapter 2). This dissertation also revealed previously “unknown unknowns” that both improve 
and complicate arapaima management. Although management is facilitate by their migratory 
behavior (see Chapter 4), the variability in reproductive biology results in a complex 
management scenario that current regulations do not adequately address (Chapter 3). Among the 
greatest threats to conservation are: failing to implement effective regulations based on what we 
known, ignoring the information needs that we do not know, and not exploring the possibilities 
we don’t know yet.   
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Appendix 3.1. 
 
 
 
 
 
 
 
 
 
Appendix 3.1. Arapaima parents provide substantial care for eggs and juvenile offspring. Video 
demonstrates biparental care where juvenile fish are schooling just above the head of one adult 
and the other adult is close behind, seen at the moment of aerial breathing. Video was taken in 
Rewa River drainage, Guyana (April 2008; Old Lady Pond, 3.92297°S, 58.7913°W) by L. 
Cynthia Watson:  https://youtu.be/PLTaIgTqz8A 
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Appendix 3.2 
 
 
 
(A) Stage I (above) represents an immature ovary that is long, narrow and pink. Some 
visible oocytes possible, but swelling is limited and visible oocytes do not covering more 
then 25% of the gonadal surface.  
 
 
 
 
(B) Stage II (above) represents a maturing ovary that is pink or cream in color with 25% 
or more of the gonadal surface covered with white, swollen oocytes. Vascularization is 
more evident, but there is no green, blue or purple coloration.  
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Appendix 3.2. 
 
 
 
 
(C) Stage III (above) represents a mature ovary that is large, swollen, rounded, and 
vascular. Some green, blue or purple coloration may be present in a pink matrix. 
 
 
 
(D) Stage IV (above) represents a very mature ovary that is large, swollen, and rounded 
with complete or near-complete green, blue or purple coloration. 
 
Appendix 3.2. Gonadal development of female arapaima was determined by macroscopic 
observations of gonads and ranking them on a scale from I to IV; adapted from Lopes & Queiroz 
(2009) and Arantes et al. (2010).
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Herbert H. Lehman College, City University of New York, Bronx, NY   2007 
BA, Biology 
BA, Environmental Science     
Macaulay Honors College, summa cum laude (GPA 3.9) 
 
FELLOWSHIPS 
EPA “Science to Achieve Results” (STAR) Fellow     2014-2016 
IIE Fulbright Scholar          2011 
NSF GK-12 STEM Fellow        2009  
Benjamin A. Gilman International Scholar      2006 
 
PROFESSIONAL AFFILIATIONS (member since) 
American Association of Geographers       2016  
Sociedade Brasileira de Ictiologia (Brazilian Society of Ichthyology)    2014 
The Explorers Club, Term Member       2013 
National Eagle Scout Association       2013 
Ecological Society of America         2010 
Sigma Xi          2007 
Phi Beta Kappa          2006  
            
WORK and TEACHING EXPERIENCE 
Research Mentor and Co-Advisor          2014-2017 
SUNY College for Environmental Science and Forestry, Syracuse, NY  
Universidade Federal do Oeste do Pará (Federal University of Western Pará), Brazil 
Created field experiences and mentored undergraduate and postgraduate students with 
lessons and activities aligned with arapaima conservation and management. 
Teaching Assistant          2010-2013 
SUNY College for Environmental Science and Forestry, Syracuse, NY 
Developed lesson plans and taught laboratory and field courses for Ichthyology and 
Introduction to GIS (Geographic Information Systems). 
National Science Foundation GK-12 Teaching Fellow        2009-2010 
SUNY College for Environmental Science and Forestry, Syracuse, NY 
Co-taught undergraduate-level “global environment” course to high school students with 
focus on research and the scientific method. 
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Coordinator of Alumni Relations           2008-2009 
Macaulay Honors College, City University of New York, New York, NY 
Organized alumni events and fundraising. Collaborated with professional organizations 
to provide new opportunities and benefits to alumni.  
Research Technician, Carbon Dynamics       2008 
Oxford University Centre for the Environment; Ecosystem Dynamics Lab, Oxford, UK 
Worked with team of researchers to establish long-term plots in Oxford University’s 
permanent forest for analysis and research of carbon dynamics in temperate forests. 
Assistant High Adventure Director          2005-2007 
Ten Mile River Scout Camps, Boy Scouts of America; Narrowsburg, NY  
Conducted staff training. Supervised and coordinated backpacking, climbing, wilderness 
survival, and river trek high adventure programs.   
Nature Interpreter and Wilderness Guide         2002-2007 
Ten Mile River Scout Camps, Boy Scouts of America; Narrowsburg, NY  
Directed weeklong expeditions with emphasis on wilderness education and low impact 
outdoor recreation for youth participants.       
 
RESEARCH EXPERIENCE 
Arapaima Conservation and Management                 2009-present 
SUNY College for Environmental Science and Forestry, Syracuse, NY  
Universidade Federal do Oeste do Pará (Federal University of Western Pará), Brazil 
Conducted interdisciplinary and collaborative research of arapaima ecology, conservation 
and management through field studies in Brazil. 
Butterfly Research and Outreach           2008-2011 
Butterfly Northeast, Assam, India     
Studied butterfly communities across a human-dominated landscape in collaboration with 
local butterfly groups to promote butterfly conservation outreach and education. 
Carbon Dynamics in the Peruvian Tropics      2008 
Oxford University Centre for the Environment; Ecosystem Dynamics Lab 
Analyzed stocks and respiration of tropical carbon dynamics in the Peruvian Andes to 
make prediction about the influence of a changing climate.   
Other Formative Research Experiences: 
Diet of tessellated darters (Etheostoma olmstedi), Bronx River, NY       2007 
Laboratory for Marine and Estuarine Research (LaMER) 
Tropical Rainforest Studies, Australia       2006 
School for Field Studies (SFS) 
Ecology, Evolution, Conservation in Ecuador and the Galapagos   2005 
Galapagos Institute for the Arts and Sciences (GAIAS) 
 
GRANTS 
National Geographic Society Committee for Research and Exploration   2013 
Tracking arapaima to create sustainable reserves for inland fisheries in the Brazilian 
Amazon; Principal Investigator: Peter Klimley; Author, Co-Principal Investigator: DJ 
Gurdak ($25,000 USD) 
Boticario Foundation for the Protection of Nature     2013 
Ecology, management, and conservation of Arapaima spp. in floodplains of the Lower 
Amazon; Principal Investigators: Fabio Sarmento Sousa and Gina Cynthia Carneiro do 
Valle; Author and Co-Principal Investigator: DJ Gurdak ($20,000 USD)   
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“Petridish.org” Scientific Research Crowdfunding Campaign   2012 
Tracking arapaima in pursuit of management and conservation ($9,500 USD) 
National Geographic Young Explorers Grant ($5000 USD)    2010 
Sigma Xi Grant-in-Aid of Research ($1000 USD)     2010 
DEFRA/FFI Flagship Species Fund Small Grant (£1875 GBP)   2009 
 
PUBLICATIONS 
Peer reviewed: 
Gurdak DJ, Stewart DJ, Castello L, Arantes CC. Diversity in reproductive traits of arapaima 
(Arapaima spp., Müller) in Amazonian várzea floodplains: conservation implications. Accepted for 
publication in: Aquatic Conservation: Marine and Freshwater Ecosystems. 
Gurdak DJ, Aragão LEOC, Rozas-Dávila A, Huasco WH, Cabrera KG, Doughty C, Rios WF, Espejo 
JES, Metcalfe DB, Silman MR, Malhi Y. 2014. Assessing above-ground woody debris dynamics 
along a gradient of elevation in Amazonian cloud forests in Peru: balancing above-ground inputs and 
respiration outputs. Plant Ecology & Diversity, 7 (1-2): 1–18.  
Barua M, Gurdak DJ, Ahmed RA, Tamuly J. 2012. Selecting flagships for invertebrate conservation. 
Biodiversity and Conservation. Available at: http://www.springerlink.com/index/10.1007/s10531-
012-0257-7 
Accepted: 
Gurdak DJ, Stewart DJ, Castello L, Arantes CC. (accepted). Diversity in Reproductive Traits of 
Arapaima (Arapaima spp., Müller) in Amazonian Várzea Floodplains: Conservation Implications. 
Aquatic Conservation: Marine and Freshwater Ecosystems. 
Gurdak DJ, Arantes CC, Castello L, Stewart DJ, Watson LC. (accepted). Evidence of recoveries from 
tropical floodplain fisheries: three examples of management gains for South American giant 
arapaima. In: C Krueger, W Taylor, and S Youn, editors. From Catastrophe to Recovery: Stories of 
Fish Management Success. 
Technical Reports/ Other publications: 
Stewart AM, Bowman K, Buckley S, Byrne E, Graves M, Gurdak DJ, Landis C, Patterson N, Rivera 
Y, Song P, Spiese J, Taylor D, Werner N (2010) A research Guide for Students and Teachers. Second 
edition. The Research Foundation of the State University of New York. 
Barua M, Gurdak DJ (2009) The 2008 Elephant Census: Total Count vs. Subsampling Blocks. In 
Talukdar BN (ed), Elephants in Assam. Wildlife Wing, Assam Forest Dept. 143-152 
 
PRESENTATIONS 
Gurdak DJ, Klimley AP, Stewart DJ, Thomas M. “Site fidelity of arapaima in the Lower Amazon: 
Conservation and Management in a sea of depletion” Oral Presentation, Student Conference on 
Conservation Science, New York, NY.  November 2017. 
Gurdak DJ, Chase VM, Castello L, McGrath D. “Management via proxy: Identifying surrogate roles in 
resource management” Oral Presentation, American Association of Geographers Annual Meeting. 
Boston, MA. April 2017 
Gurdak DJ, Klimley AP, Stewart DJ, Thomas M. “Ultrasonic telemetry of arapaima in the Lower 
Amazon, Brazil” Oral Presentation, Ecological Society of America Annual Conference. Minneapolis, 
MN. August 2015 
Gurdak DJ, Klimley AP, Stewart DJ, Thomas M. “Ultrasonic telemetry of arapaima in the Lower 
Amazon, Brazil” Oral Presentation, Society of Wetland Scientists Annual Meeting. Providence, RI. 
June, 2015 
Gurdak DJ. (Symposium Coordinator), Arapaima Symposium at the Conference of the Brazilian 
Ichthiological Society, Recife, PE, Brazil. February 2015. 
Curriculum Vitae 
 171 
Gurdak DJ, Stewart DJ, Buckup PA. “A New Species of Arapaima (Osteoglossomorpha, 
Osteoglossidae) from the Lower Amazon, near Santarém, Brazil” Oral Presentaiton, Joint Meeting of 
Ichthyologists and Herpetologists. Chattanooga, TN. August 2014. 
Gurdak DJ, Arantes C, Castello L, Queiroz HL.  “Effect of Annual Flood Variability and Drought 
Cycles on Arapaima Growth in the Brazilian Amazon” Oral Presentation. Ecological Society of 
America. Minneapolis, MN.  August 2013 
Gurdak DJ. “Identifying geographic gaps between arapaima management and research” Web 
presentation. Sigma Xi Student Research Showcase. April 2013 
Gurdak DJ, Arantes C, Castello L, Queiroz HL.  “Effect of Annual Flood Variability and Drought 
Cycles on Arapaima Growth in the Brazilian Amazon” Oral Presentation, XIX Encontro Brasileiro de 
Ictiologia. Manaus, PA, Brazil. February 2011. 
Gurdak DJ, Barua, M. “Butterflies and Invertebrate Conservation in Assam, India” Short Talk, Student 
Conference on Conservation Science, New York, NY.  November 2010.  
Gurdak DJ, Beal R.  “GK-12 at SUNY ESF: Past, Current, and Future Activities- Sustaining activities 
beyond funding” Oral Presentation, Ecological Society of America Annual Conference. Pittsburgh, 
PA. August 2010. 
Gurdak DJ, Barua M, Butterfly Northeast.  “Chasing Butterflies and Catching Interest: Butterfly 
Research in Assam, India, and its Application in Education and Outreach” Poster, NSF GK12 
Research Poster Presentation. NSF headquarters, Arlington, VA.  March 2010.   
Gurdak DJ, Curran TJ, Freeman AND, Allenby J, Schlothan M, Brown RL. “Disturbance patterns in 
Tropical Rainforest Fragments on the Atherton Tablelands in Queensland Australia” Poster, Student 
Conference on Conservation Science. Cambridge, UK. March 2008.  
Gurdak DJ, Rachlin JW.  “Dietary niche breadth of Etheostoma olmstedi Collected at Stations along the 
Bronx River”  Poster, Sigma Xi Annual Meeting and Induction. Lehman College, Bronx, NY. May 
2007. 
 
OTHER AWARDS and HONORS 
The Explorer’s Club- Flag Expedition       2015 
Robert L. Burgess Graduate Scholarship in Ecology     2014 
Society of Wetland Scientists Student Research Award     2013 
Maurice and Annette Alexander Wetlands Research Award     2010 
Rhodes Scholar Finalist         2007 
The Kane Prize, Lehman College Biology Department’s Highest Graduating GPA 2007 
Male Scholar Athlete of the Year, Lehman College     2007 
Ranger Award, highest rank in Venture Scouts      2006 
Eagle Scout, highest rank in Boy Scouts       2003 
  
SERVICE and OUTREACH 
Assistant Scout Master (Troop 728, GNYC, Boy Scouts of America)               2003-present 
Taught community youth leadership, first aid, outdoor, and other scout skills. 
Board Member (Throggs Neck Volunteer Ambulance Corps.)                 2016-present  
Attended board and committee meetings, wrote grants, and collaborated on fundraising, 
disciplinary issues, and special assignments. 
Study Abroad Fair- coordinated Lehman College’s first study abroad fair.  2006 
Student Senator (Lehman College Senate)          2003-2007 
Discussed and reviewed issues regarding the college and student body.  
Eagle Scout Service project (Troop 728, GNYC, Boy Scouts of America)  2003  
Conducted a clothing drive for Casa Promesa, a residential health care facility for people 
with AIDS or other HIV-related illnesses (collected over 3000 lbs of clothing) 
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OTHER SKILLS 
Languages (ILR proficiency level):  
• English: Level 5– Native proficiency 
• Portuguese: Level 4 – Full professional proficiency 
• Polish: Level 3 – Professional working proficiency 
• Spanish: Level 2 – Limited working proficiency 
IT Skills: 
• CUNY Lehman College Certificate in Geographical Information Science (2007): Proficient in 
ArcInfo and ArcGIS with experience in remote sensing.  
• Statistics: Proficient in JMP software with extensive experience in SPSS and R. 
• Extensive experience using Microsoft Package and Abobe Creative Suit. 
Hobbies: running, home renovations, camping 
 
